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1Abstract
This thesis presents several case studies on life history evolution in Laurasiatheria, a 
diverse group of mammals occupying a wide range of habitats. The respective group in 
each case study was chosen based on its suitability to answer an underlying question. 
Additionally, one case study investigates domestication as driver for variation within a 
species. The first case study aims for a closer look on the Schultz’s rule and heterochro-
ny in the relative eruption sequence of the permanent dentition in lower jaws of deer, Cer-
vidae. Cervids were chosen because of their relative uniform mandibular architecture. 
Schultz’s rule implies that slower growing animals replace their deciduous teeth earlier in 
relative sequence compared to molar eruption to counterbalance tooth decay and main-
tain a functional tooth set during growth. The study revealed several heterochronic shifts 
in tooth eruption during the evolution of deer and resulted in an ancestral tooth eruption 
sequence, which can also be found in the fossil record. In contrast, the relative eruption 
sequence is not correlated with any life history variable and thus it does not provide in-
formation about the life history of cervids. The second study investigated the brain size 
of cave bears and compared it to extant bear species. Encephalization, or brain size in 
relation to body size, is linked to some life history variables in Ursidae such as gesta-
tion time, newborn mass, weaning mass, and litter size. The results suggest that cave 
bears had a small brain compared to body size, due to a decoupled body and brain size 
evolution in which the increase of body size outpaced the one of brain size. Additionally, 
the trade-off between fat storage and brain size as well as diet might have impacted the 
relative brain size of cave bears. The degree of encephalization of cave bears suggests 
that this species gave birth to many, light weighted cubs and had prolonged gestation; 
mass at weaning was small. The growth of different bear species was investigated using 
histological thin sections of the midshaft of femora. The growth rate of cave bears from 
different European localities was investigated and compared to the one of black bears, 
brown bears, polar bears, sloth bears, and sun bears. The bone cortex of all bear spe-
cies exhibits a fibrolamellar complex and mostly varies in amounts of parallel-fibered and 
lamellar bone. Cave bears exhibit a high growth rate and late maturity. The altitude of the 
locality in which the cave bear remains were found was correlated with growth rate. The 
growth rate of cave bears indicates that this species gave birth to many, small offspring. 
In the final case study presented in this thesis, the aim was to investigate how domes-
tication affects variation within a species. For this, the extinct Niata cattle from South 
America was used as case study. The Niata was a heavy brachycephalic cattle variety. 
It was described by Darwin and sparked debates among scientists in Europe due to its 
peculiar appearance. These debates are addressed in an integrative investigation of the 
Niata using anatomical description, geometric morphometrics, finite element analysis, 
and genetic analysis. The anatomical description shows clear distinctions between the 
Niata traits and lethal malformations with which its brachycephaly was compared. The 
morphometric and genetic analyses show the distinctiveness of the Niata compared to 
other cattle and places it close to the European taurine breeds. Additionally, the finite 
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element analysis revealed released stress on the Niata skull during bilateral bite. The 
Niata is an illustrative case on how human intervention shapes domesticated species. To 
summarize, the case studies presented in this thesis exemplify how bones and teeth can 
be used to infer life history of extant and extinct animals as well as how humans shape 
animals during domestication.
Keywords: heterochrony, Schultz’s rule, encephalization, hibernation, palaeohistology, 
growth rate, domestication, chondrodysplasia
3Zusammenfassung
Laurasiatheria sind eine artenreiche Gruppe von Säugetieren, welche viele verschiedene 
Habitate bewohnen. Diese Dissertation beschäftigt sich mit Fallstudien zur Evolution 
der ‚life history‘ (Lebensgeschichte) dieser Gruppe. Die Auswahl der jeweiligen Studi-
enobjekte in den Fallstudien basiert auf der Möglichkeit bestimmte Fragestellungen zu 
beantworten. Eine zusätzliche Fallstudie beschäftigt sich mit Domestikation und inner-
artlicher Variation. Die erste Fallstudie untersucht die Schultz‘ Regel und Heterochronie 
in der relativen Zahneruptionssequenz der permanenten Bezahnung im Unterkiefer von 
Hirschartigen. Die generelle Morphologie des Unterkiefers von Hirschartigen ist nicht 
sehr variabel, daher eignet sich dieser gut für eine vergleichende Studie. Schultz‘ Regel 
besagt, dass ein langsam wachsendes Tier die Milchzähne in relativer Sequenz zu den 
Molaren früher wechselt. Dies geschieht, damit der Zahnabnutzung entgegengesteuert 
wird und immer ein funktionsfähiges Gebiss vorhanden bleibt. Diese Fallstudie deckte 
mehrere Heterochronien in der Evolution von relativer Zahneruptionssequenz auf und 
resultierte in einer ursprünglichen Sequenz, welche auch in einem ausgestorbenen Ver-
wandten von Hirschartigen gefunden werden konnte. Es wurden keine Korrelationen 
zwischen verschiedenen life history-Variablen und relativer Zahneruptionssequenz ge-
funden. Die zweite Fallstudie untersucht die Gehirngrösse von Höhlenbären und ver-
gleicht diese mit der von heutigen Bärenartigen. Der Grad an Enzephalisation, also 
der Grad der Gehirngrösse in Relation zu Körpergrösse, korreliert mit verschiedenen 
life history-Variablen wie Tragzeit, Gewicht beim Abstillen, Gewicht der Neugeborenen 
und Anzahl von Neugeborenen. Es zeigte sich dass der Höhlenbär ein kleines Gehirn 
verglichen mit seiner Körpergrösse besass. Der Grund dafür ist eine überproportion-
ale Körpergrössenzunahme in der Evolutionslinie zum Höhlenbären, wogegen die Ge-
hirngrösse weniger stark zunahm. Des Weiteren könnte die Gehirngrösse von Nahrung 
und Speicherung von Fett im Körper negativ beeinflusst worden sein. Die kleine relative 
Gehirngrösse von Höhlenbären weist darauf hin, dass diese Tiere nach langer Tragzeit 
viele, kleine Junge zur Welt brachten. Zusätzlich hatten die Jungen ein leichtes Ge-
wicht beim Abstillen. Das Wachstum von Höhlenbären wurde mithilfe von histologischen 
Dünnschliffen untersucht. Dafür wurde die Mitte der Diaphyse von Femora untersucht. 
Für diese Studie wurden Höhlenbärenreste von verschiedenen europäischen Fundorten 
untersucht, und mit dem Wachstum von Braunbären, Eisbären, Lippenbären, Schwar-
zbären und Sonnenbären verglichen. Femora von Bären zeigen einen fibrolamellaren 
Komplex und Variation entsteht hauptsächlich durch unterschiedliche Anteile an parallel-
faserigem und lamellarem Knochen. Höhlenbären waren schnell wachsende Tiere die 
erst spät verwachsene Epiphysenfugen im Femur hatten. Es zeigte sich eine Korrela-
tion zwischen Höhenlage der Fundstelle und Wachstumsrate. Die Wachstumsrate von 
Höhlenbären weist auf eine Reproduktionsstrategie mit vielen kleinen Jungtieren hin. Die 
letzte Fallstudie untersucht Domestikation und Variation in Rindern. Das Studienobjekt 
ist das ausgestorbene Niata Rind aus Südamerika. Diese Rindervariation hatte einen 
stark verkürzten Schädel. Charles Darwin war einer der ersten der dieses Tier beschrieb 
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und damit Diskussionen in den wissenschaftlichen Kreisen Europas entfachte. Diese 
Diskussionen dienen als Basis für die präsentierte Fallstudie. Das Niata Rind wird mith-
ilfe von einer anatomischen Beschreibung, sowie Landmark-basierenden, biomechanis-
chen und genetischen Methoden untersucht. Die Anatomie der Niata zeigt eindeutige 
Unterschiede zu Missbildungen, die zu ähnlichen Schädelkonfigurationen führen. Die 
Landmark-basierenden und genetische Daten zeigen einen klaren Unterschied zwis-
chen der Niata und anderen Rindern und platzieren die Niata nahe zu den europäis-
chen taurinen Rinderrassen. Zusätzlich zeigt die biomechanische Analyse, dass der 
Niataschädel unter geringerer Spannung steht während der Kaubewegung. Die Niata 
ist ein besonders auffälliges Beispiel dafür, wie Menschen das Aussehen von domesti-
zierten Tieren beeinflussen können. Diese Dissertation zeigt auf wie Knochen und Zähne 
benutzt werden können um die Biologie von ausgestorbenen und rezenten Säugetieren 
zu rekonstruieren und wie Menschen durch Domestikation die Variabilität innerhalb von 
Tiergruppen beeinflussen.
Schlüsselwörter: Heterochronie, Schultz‘ Regel, Enzephalisation, Winterschlaf, Paläo-
histologie, Wachstumsrate, Domestikation, Chondrodysplasie
IntroductIon
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The study of life history based on bones 
and teeth has contributed essential infor-
mation to our knowledge of the biology of 
extant and extinct animals [1-4]. In mam-
mals, a wide variety of methods can be 
used to infer growth, maturity, and en-
cephalization based on skeletal remains 
[2, 3, 5-10]. Fast growing animals attain 
maturity early in life but also tend to be 
short lived. The opposite is true for slow 
growing animals [11]. Certain variables on 
this spectrum can be predicted by inves-
tigating the relative brain size of animals 
[12, 13]. Brain size can be determined by 
measuring the brain cavity within a skull 
[14].
Selection of any kind is the driver of evo-
lution. Processes such as natural and 
sexual selection have led to the observed 
intraspecific and interspecific variation 
in organisms [15]. Several times inde-
pendently, humans have domesticated 
different species of animals and plants, 
conducting a process of artificial selec-
tion. Taking organisms out of their origi-
nal habitat changed the selective forces 
on them, thus leading to changes in their 
biology and morphology [16].
The study object – Laurasiatheria
Laurasiatheria are a disparate monophy-
letic group of placental mammals, which 
is distinct from the other major clades, 
which include Afrotheria, Xenarthra, and 
Euarchontoglires [17-20]. They are sub-
divided into Carnivora, Cetartiodactyla, 
Chiroptera, Eulipotyphla, Perissodactyla, 
and Pholidota (Figure 1) [20]. Based on 
a molecular based estimate, the split be-
tween Laurasiatheria and Euarchontogli-
res occurred sometime between 79 – 88 
Mya ago [17]. Following Averianov and 
Lopatin [21], the oldest fossil record of a 
laurasiatherian mammal is Gypsonictops, 
an early leptictid from the Campanian/
Maastrichtian (83.6 – 72.1 Mya) of North 
America. In contrast, following O’Leary et 
al. [19], the oldest crown group member 
of Laurasiatheria is Protungulatum don-
nae (64.9 Mya). Because of the investi-
gated species of the case studies, a more 
detailed introduction is given to Cervidae, 
Ursidae, and Bovidae, with remarks on 
domestication.
Cervidae are a diverse group within Artio-
dactyla and, at least in recent taxa, easi-
est distinguished by their antlers, which 
are bilateral bony structures based on the 
frontal bone. Antlers are shed annually 
and in most species are only produced 
by males [22]. The European endemic 
Procervulus from the MN3 (Neogene 
Mammal Zone 3, 20.5 – 18.0 Mya) [23] 
is considered the first true cervid [24, 25]. 
A considerable amount of size variation 
is observed within cervids. The southern 
Pudu, Pudu puda, is with 8 kg the smallest 
cervid today [26]. Biggest cervid species 
include the extant Alces alces, with up to 
800 kg [26], as well as extinct forms such 
as Megaloceros giganteus, with about 
700 kg [27]. Cervidae are one of the most 
successful mammalian taxa on islands 
and usually undergo the process of dwarf-
ing in these secluded environments [28]. 
The process of dwarfing can be very fast 
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in deer, as was exemplified in red deer 
from Jersey, Channel Islands [29]. A fa-
mous extinct example was Candiacervus 
ropalophorus from Crete, which reached 
an estimated body mass of only 59 kg [2]. 
Several extant smaller island subspecies 
of deer were described. Among those are 
the Svalbard reindeer, Rangifer tarandus 
platyrhynchus, and the white-tailed deer 
from Hunting Island, Odocoileus virginia-
nus venatorius [28].
The evolutionary history of Ursidae can 
be traced back to the late Oligocene, 
with Cephalogale. This animal was small 
compared to most extant bears and its 
dentition indicates an omnivorous diet 
[30, 31]. The small and omnivorous ur-
sid Ursavus, a long lasting taxon from 
the Miocene, gave reportedly rise to 
all extant bear species [30, 31]. Today, 
at least eight different bear species are 
described: the giant panda (Ailuropoda 
melanoleuca), Andean bear (Tremarctos 
ornatus), American black bear (Ursus 
americanus), brown bear (U. arctos), sun 
bear (U. malayanus), polar bear (U. mari-
timus), Asiatic black bear (U. thibetanus), 
and sloth bear (U. ursinus) [32]. The body 
size of these species ranges from 25 kg 
in small sun bears to 800 kg in large po-
lar bears. Ecologically, bears are very 
diverse and inhabit the polar region as 
well as the tropics [32]. Most extant Ur-
sidae are omnivorous, however, the giant 
panda is almost exclusively herbivorous 
whereas the polar bear is hypercarnivo-
rous [33]. During the Pleistocene, Eur-
asia was home to one of the biggest bear 
species (500 kg) [34], or maybe even the 
biggest bear species (1500 kg) [35], the 
cave bear (U. spelaeus). This animal was 
dependent on caves for hibernation and 
thus is one of the most commonly recov-
ered Pleistocene mammals [35, 36]. The 
lineage of cave bears split from the one 
leading to polar bear and brown bear 
about 2.75 and 1.4 Ma ago [37, 38]. Early 
on, the cave bear linage increased plant 
matter in its diet and many different lines 
of evidence suggest an almost complete 
herbivorous diet for U. spelaeus [33, 35, 
39, 40].
Bovidae appear first in the fossil record 
in the Early Miocene with Eotragus [31]. 
Bovids are best recognizable by their 
horns on the frontal bone, which are per-
manent, living structures with a bone core 
and a horn sheet [22, 41]. The smallest 
bovid species today is the royal ante-
lope, Neotragus pygmaeus, with a body 
weight of 1.5 kg in small adults, and the 
biggest one is the gaur, Bos gaurus, with 
Figure 1: Phylogenetic relationships among Laur-
asiatheria, after Burda et al. [20].
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up to 1’200 kg [26]. Several bovid species 
were domesticated by humans. However, 
no other has provided humans with such 
a diverse range of exploitable resources 
as the domestic cattle, B. taurus [16]. 
The ancestor of the domestic cattle was 
the aurochs, B. primigenius, which ap-
peared in Europe in the Middle Pleisto-
cene and was hunted to extinction [16, 
31]. The aurochs was domesticated at 
least twice independently, leading to the 
European taurine, or humpless, line and 
the Indian indicine, or humped, line [42]. 
Cattle was domesticated about 8’200 
years ago with the first certain cattle re-
mains coming from Turkey. During the 
process of domestication, cattle became 
smaller and several characteristics of the 
“domestication syndrome” are displayed 
[16, 43]. This syndrome suggests that an 
unifying, underlying embryological event 
is responsible for the observed similari-
ties in behaviour, anatomy, and morphol-
ogy of domesticated animals, namely a 
mild neural crest cell deficit [43]. How-
ever, the universality of the “domestica-
tion syndrome” was questioned [44]. In 
cattle, not all characteristics proposed by 
Wilkins et al. [43] are found. Nonetheless, 
during domestication cattle e.g., became 
tamer, decreased brain size, shortened 
their muzzle, changed pigmentation, and 
expressed floppy ears [44].
The study system – Bones and teeth
Most tissues of the body decay shortly 
after an organism has died. With this, a 
considerable amount of information about 
the dead organism is lost. Bones and 
teeth, on the other hand, are highly min-
eralized and withstand decay for a much 
greater period of time. Because of this, 
bones and teeth are essential to the study 
of archaeology and palaeontology [9, 45, 
46]. Information found in the shape and 
size of bones can provide crucial insides 
into the phylogenetic position of animals 
as well as their variability [9, 47, 48]. Ad-
ditionally, bones can reveal details about 
the life style of extinct animals by indicat-
ing adaptations to habitat and diet [9]. The 
functional morphological aspect of bones 
is crucial to understand how fast for ex-
ample a Mesozoic marine reptile could 
swim [49], or how strong the bite of a Ty-
rannosaurus rex was [50]. Besides the 
overall shape and size, the microstructure 
of bones provides additional information 
about the life of extinct vertebrates. The 
histological profile of bone thin sections 
can be used to make predictions about 
speed of growth, ontogeny, phylogeny, 
and environment of animals [1-5, 8, 51]. 
Additionally, it provides insights into me-
chanics of the bone and thus has func-
tional morphological implications [8]. The 
bones of the skull often are closely asso-
ciated with sensory organs. Bone cavities 
such as the brain cavity or the cavity of 
the inner ear have become essential to 
the study of palaeobiology [10, 52, 53].
In vertebrate palaeontology, teeth are of 
particular importance. Often times, teeth 
are the only remains found of an extinct 
animal [9, 45]. In mammals, teeth are 
highly specialized and taxonomic indica-
tive. In contrast to other vertebrates, most 
10
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mammals only produce two generations 
of teeth [45]. Teeth can provide crucial in-
formation about the diet of an animal and 
can even provide insights into the envi-
ronmental changes [54-56]. Additionally, 
information found in the cementum layer 
surrounding the roots of teeth can be 
used to reconstruct the absolute age of 
a mammal at the time of death [2, 57]. In 
mammals, it was also proposed that the 
pattern of tooth replacement can be used 
to infer growth speed, which is known as 
the Schultz’s rule [58]. Nonetheless, the 
evidence for the Schultz’s rule and its im-
plications is not conclusive [59].
Aims and Overview
The main focus of this thesis was to use 
modern phylogenetic comparative, mor-
phological comparative, and histological 
methods and information on skeletal re-
mains to elucidate evolutionary process-
es that underpin the life history and dis-
parity of Laurasiatheria. We used different 
laurasiatherian species as case studies 
based on their suitability to answer an un-
derlying question (Figure 2).
The first chapter analyses the dental erup-
tion pattern in the mandible of Cervidae, 
and it aims to understand the value of 
such patterns in reconstructing life history 
of extinct animals. Cervidae were chosen 
because of their uniform dental formula 
as well as their mostly similar lower jaw 
morphology and tooth height [45, 61]. In 
contrast, there is much diversity within 
Carnivora in the reduction of the dental 
Figure 2: Overview of the focus of the four chapters of this thesis based on the generalized, schematic 
drawing of a mammalian skeleton (based on Tupaia, Gregory 1910 [60, p. 276]. The skull and teeth were 
generalized by removing the postorbital bar and using the placental tooth formula 3143/3143 [45]. Chapter 
one is indicated by a series of lower jaws with change from deciduous teeth (blue) to permanent teeth 
(green). Chapter two is indicated by a series of brains with different sizes and chapter three by the histol-
ogy of the femur. Chapter four is indicated by cattle skulls with different sizes and shapes.
11
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formula [45]. The idea that the relative 
timing of emergence of different replace-
ment teeth compared to molar eruption is 
linked to speed of growth goes back to 
the work of A. Schultz [62, 63]. Based on 
this, Smith [58] proposed the Schultz’s 
rule which should be able to tell the over-
all speed of growth of a species. This rule 
is mostly used in primatology and palaeo-
anthropology with some supporting the 
rule [64] and others disproving it [59, 65]. 
Although, the rule was originally also pro-
posed for “ungulates,” only few studies 
have investigated the applicability of this 
rule in Artiodactyla [66] or Perissodactyla 
[67, 68]. By compiling a comprehensive 
dataset of 719 lower jaws of 25 extinct 
and extant taxa, chapter one shows how 
the Schultz’s rule is not applicable to Cer-
vidae. The relative emergence of replace-
ment teeth reflects the phylogenetic relat-
edness among different cervid species. 
Thus, it allows reconstructing the ances-
tral emergence formula for this group. 
Ancestral stage reconstruction based on 
PGi resulted in an eruption sequence of 
m1 – m2 – i1 – i2 – i3 – c – m3 – (ppp) at 
the base of the cervid tree. This formula 
is supported with evidence from the fossil 
record of Artiodactyla. Several heteroch-
ronic shifts in the emergence sequences 
were detected.
The second and third chapter make use 
of the exceptional abundance of well-
preserved cave bear (U. spelaeus s.l.) 
remains in the fossil record to investigate 
the growth and life history of an extinct 
member of the Pleistocene megafauna 
[35, 69]. Chapter 2 investigates the abso-
lute and relative brain size of cave bears 
in the context of extant and extinct Ursi-
dae and associated life history variables. 
For this, the brain volume of 412 skulls 
of 10 ursid species were measured. Addi-
tionally, linear measurements of the same 
skulls were taken to estimate individual 
body size [70]. The expensive nature of 
brain tissue results in many life history 
and ecological trade-offs [12, 71-76]. For 
bears, relative brain size, the size of the 
brain in context of body size, is correlat-
ed with gestation time, newborn mass, 
weaning mass, and litter size [12]. Cave 
bears had a small brain size compared to 
body mass, which indicates that this spe-
cies gave birth to many, small cubs, had 
a low weaning mass, and long gestation 
time. The small relative brain size of cave 
bears is the result of ecological changes 
and a decoupled body and brain size evo-
lution in favour of body size.
The third chapter investigates the growth 
and associated life history variables of 
cave bears and compares it to growth 
in five extant and one other extinct bear 
species. For this, transverse histological 
thin sections of 77 femora were investi-
gated. Cave bear samples stem from a 
wide geographical and altitudinal range 
within Europe and represent 23 localities. 
Information found in bone thin sections 
has proven its potential to reconstruct 
speed of growth as well as time of skel-
etal and sexual maturity [2, 3, 51, 77, 78]. 
The bone tissue of cave bears exhibits a 
fibrolamellar bone with varying degrees 
of order. Early ontogenetic stages and 
the innermost part of the bone cortex ex-
12
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hibit more unordered woven-fibered bone 
whereas in older animals and in the outer 
cortex the more ordered parallel-fibered 
and lamellar bone is found. A similar his-
tology is found in U. arctos, U. america-
nus, and U. deningeri. In contrast, the his-
tology of U. malayanus and U. maritimus 
shows more parallel-fibered and lamellar 
bone. U. ursinus mostly differs from oth-
er bear species in vascularization. Cave 
bears reached femoral skeletal maturity 
late in life, with an age of about 10-13 
years, and grew at a high pace. The high 
growth speed indicates that cave bears 
reached sexual maturity early in life and 
large litter sizes [11, 79, 80].
Chapter 4 makes use of one of human-
kind’s biggest natural experiments, do-
mestication [16], to study the range of in-
traspecific variation and their implications 
for evolution. For this, an extinct South 
American cattle variety served as case 
study. The Niata was the only short faced, 
or brachycephalic, cattle breed and found 
fame in the writings of Darwin on evolu-
tion [81]. To investigate the skull and low-
er jaw shapes of cattle with focus on the 
Niata, a morphospace of 316 skulls and 
238 lower jaws was created. Additionally, 
the body size, body proportions, external 
suture obliteration, and basicranial angle 
of this cattle were investigated and com-
pared with other breeds. SNPs data were 
used to analyse the genetics of the Niata 
and finite element models of the skulls 
of Niata, Zebu, and Simmentaler were 
created to assess the change of stress 
distribution in the skull during biting. The 
compiled evidence of all these analyses 
show that the Niata was a cattle breed of 
average size and proportions with a pe-
culiar skull shape that was very distinct 
from other breeds. There was less stress 
on the skull of the Niata during bilateral 
and unilateral bite, which indicates a bet-
ter adaptability to different food sources. 
Genetically, the Niata is distinct from oth-
er cattle breeds.
The appended abstracts and documents 
represent additional publications and work 
I was involved with that are thematically 
linked to the main chapters of my thesis. 
Appendix I is a book review for “Hypso-
donty in Mammals—Evolution, Geomor-
phology, and the Role of Earth Surface 
Processes” by Richard H. Madden. In 
this book, the author discusses the role 
the environment has on the emergence 
of high crowned teeth in different mam-
malian taxa from all parts of the world. 
Case studies of extant goats and hu-
mans are linked with deep time evolution-
ary changes to the dentition of endemic 
South American mammals. The second 
appended document is the abstract of a 
review on bone histology in mammals by 
Kolb et al. [51]. In this work, I was third 
author because of my participation in the 
sampling of three extinct lagomorph spe-
cies, one extinct hippopotamid species, 
and one extinct eulipotyphlan species. 
I prepared thin sections of 29 bones for 
this study. The aim of Kolb et al. was to 
summarize the literature on mammalian 
bone histology and add new information 
on some island species providing insights 
into the process of island evolution. Ap-
pendix III is the abstract of a further col-
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laborative work. In this study, the growth 
trajectories and allometric slope of sev-
eral domesticated species is compared 
with their wild ancestral species. For this, 
several linear measurements were taken 
on skulls and lower jaws. The aim of this 
study was to investigate the uniting and 
discerning characteristics of domestica-
tion on skull shape and how applicable 
overarching concepts such as the “do-
mestication syndrome” are in real datas-
ets [43, 44].
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Tooth Eruption Sequences in Cervids and the Effect
of Morphology, Life History, and Phylogeny
Kristof Veitschegger1 & Marcelo R. Sánchez-Villagra1
# Springer Science+Business Media New York 2015
Abstract Tooth eruption sequences vary in a non-random
way among mammalian species. Several variables have been
linked to this, including tooth and jaw shape, adaptations to
diet, and food processing. Likewise, changes in eruption pat-
terns correlate with the speed of postnatal growth in some
groups, the Schultz’s Rule pattern. Here, the eruption pattern
of the permanent dentition in lower jaws from different cervid
species have been investigated to discern the effect of these
factors and phylogeny as well as to reconstruct the ancestral
tooth eruption sequence of cervids. In ruminants, the different
patterns of emergence of permanent teeth seem to be best
explained by phylogeny. The degree of hypsodonty, age of
first molar eruption, and life history parameters such as lon-
gevity and age of female sexual maturity do not explain the
observed sequential differences in eruption patterns. The
Parsimov-based analysis for the ancestral state resulted in a
tooth eruption sequence of m1 – m2 – i1 – i2 – i3 – c – m3 –
(ppp) for Cervidae; a pattern recorded in Odocoileus,
Capreolus, and Hydropotes. The eruption pattern of
Caenomeryx filholi, from the Oligocene of Gaimersheim, is
identical to the result of the Parsimov-based analysis except
for the presence of a first premolar, a tooth lost in cervids.
Keywords Parsimov-based genetic inference (PGi) .
Continuous analysis . Heterochrony . Schultz’s Rule .
Ruminantia
Introduction
Mammals replace their teeth only once during their life,
possessing milk (deciduous) and adult (permanent) dentitions,
but molars have only one generation (e.g., Osborn and
Crompton 1973). The relative sequence of permanent tooth
eruption is not fixed and varies among species (e.g., Smith
2000). Several hypotheses as to why these sequential differ-
ences occur have been postulated (e.g., Slaughter et al. 1974;
Tattersall and Schwartz 1974; Simpson et al. 1990; Smith
2000; Godfrey et al. 2005). The aim of this study was to doc-
ument the patterns of variation in eruption sequences in a clade
of mammals and to investigate the variables associated with
that variation. For this, the lower jaws of cervids were studied
and compared with other members of Ruminantia. The general
tooth formula in the lower jaw of cervids as well as ruminants is
three incisors, one canine, three premolars, and three molars
(Thenius 1989) and few species such as Myotragus,
Connochaetes, or Antidorcas have a different dental formula
(Rautenbach 1971; Attwell 1980; Jordana et al. 2013). Other
shared features are an incisiviform canine followed by a diaste-
ma, selenodont toothmorphology, and two distinct sets of func-
tional teeth (van Nievelt and Smith 2005a). Nonetheless,
Ruminantia do not share the same eruption pattern (e.g.,
Smith 2000), which allows testing for different signals such
as phylogeny and anatomy as well as ecological and life history
variables. In contrast, carnivorans and primates are more vari-
able in the arrangement of teeth within the lower jaw as well as
in morphology and the expression of the two sets of teeth
(Thenius 1989; van Nievelt and Smith 2005a).
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Morphological Constraints, Adaptive Evolution,
and Dental Eruption Patterns
The idea that the general facial architecture could influence the
pattern of dental eruption was proposed based on the study of
ape and hominid remains (Simpson et al. 1990). It was assumed
that the human pattern of building and replacing teeth is influ-
enced by threemajor factors: the reduction of the canine tooth in
males, the reduction of prognathism in the hominid lineage, and
the peculiarity of the human m3 (Simpson et al. 1990). Tooth
morphology and size may also affect the sequential differences
in tooth eruption. Slaughter et al. (1974) investigated the erup-
tion sequence of the postcanine teeth in Afrotheria, Carnivora,
Eulipotyphla, Leptictida, and Scandentia and concluded that the
sequential differences are related to the different morphology of
the teeth, especially the carnassials in carnivorans. In
Multituberculata, the increasing size of the lower fourth premo-
lar is considered to be causally coupled to several changes with-
in the eruption pattern (Greenwald 1988). Other hypotheses
with a more adaptive value have also been discussed in marsu-
pial and placental mammals. One example is the relative delay
of development and eruption of certain incisor teeth in marsu-
pials and carnivorans. A late eruption of certain incisors has
been linked to suckling, as the resulting open space could allow
for a longer preweaning period (Luckett and Wooley 1996; van
Nievelt and Smith 2005a, b). Besides that, diet and food pro-
cessing have been linkedwith permanent tooth eruption patterns
(Godfrey et al. 2001; Dirks 2003; Guthrie and Frost 2011;
Forasiepi and Sánchez-Villagra 2014).
Life History and Dental Eruption Patterns
It has been shown in primates that some life history variables
such as brain mass and weaning period correlate with the age
of first permanent tooth eruption (Smith 1992; Smith et al.
1994; Godfrey et al. 2001). However, not only the time but
also the pattern of eruption is variable even in closely related
species. To explain this, Smith (2000) postulated Schultz’s
Rule based on the work of Adolph Schultz (1956, 1960).
According to it, an animal with a slower and longer life history
has a tendency to replace deciduous teeth early in the relative
sequence of tooth eruption compared to eruption of molar
teeth. Therefore, Schultz’s Rule would reflect the dynamics
between the decay of the deciduous teeth and the possibility
for the jaw to accommodate molar teeth in a slow growing
mammal. Fast growing mammals would not have such phys-
ical constraints because speed of jaw growth to accommodate
the molar teeth would precede the loss of functionality in the
deciduous dentition. The validity of Schultz’s Rule has been
tested on Bungulates^ and primates with a strong support found
in primates and Bgeneralized ungulates^ such as Suinae but
with a weaker support in more Bspecialized ungulates^ such
as Ruminantia (Smith 2000). Subsequently, several studies
examined this Brule.^ Some argued in favor of this hypothesis
based on studies on platyrhines (Henderson 2007), pantodonts
(McGee and Turnbull 2010), equids (Hellmund 2013), and
caprines (Jordana et al. 2013); others have found exceptions
in different groups including lemurs (Godfrey et al. 2005;
Schwartz et al. 2005), cercopithecines (Jogahara and Natori
2012), and tarsiids (Guthrie and Frost 2011).
Phylogeny and Dental Eruption Patterns
Dental eruption in general has shown to be a reliable marker
for relatedness among species. For Multituberculata, the rota-
tive eruption of the fourth premolar, among other characters,
has been proposed as synapomorphy for this group
(Greenwald 1988). In the Hyaenodontidae, the different tooth
eruption patterns between North American and European spe-
cies have been interpreted as indicating phylogenetic signal
(Bastl et al. 2011; Bastl and Nagel 2014). Afrotheria show a
common synapomorphy in the development of their dentition;
in general, the relative onset of the eruption of the permanent
dentition is delayed compared to Archonta and Laurasiatheria
(Asher and Lehmann 2008; Asher and Olbricht 2009). This is
also found in xenarthrans, where the most basal forms seem to
exhibit a relative delayed eruption of permanent dentitions
(Ciancio et al. 2012). In primates, several studies have focused
on the importance of phylogeny as explanation for differences
in the tooth eruption sequence among species (Tattersall and
Schwartz 1974; Byrd 1981; Schwartz et al. 2005).
Material and Methods
Specimens
A cross-sectional sampling of different ontogenetic stages of
452 cervid lower jaws representing 15 species was examined.
Additionally, 30 lower jaws of Moschus moschiferus as well
as 19 lower jaws of two tragulid species, Hyemoschus
aquaticus and Tragulus kaInstitut und Museum der
Univernchil, were examined (Table 1). Themaximum number
of lower jaws used per species was 146 (Cervus elaphus) and
the minimum number was three (Elaphodus cephalophus).
Captive as well as wild-caught animals of both sexes were
used. Individuals exhibiting pathological signs in the lower
jaw and domestic animals were excluded. Specimens from
the following institutes have been studied: MHNG, Muséum
d'Histoire Naturelle de la Ville de Genève; NMB,
Naturhistorisches Museum Basel; NMBE, Naturhistorisches
Museum Bern; PIMUZ, Paläontologisches Institut und
Museum der Universität Zürich; MfN, Museum für
Naturkunde Berlin; ZMUZH, Zoologisches Museum der
Universität Zürich; and ZSM, Zoologische Staatssammlung
München. Further, we collected data from the literature
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(Supplementary Table 1) to compare and analyze the correla-
tions among variables studied.
Additionally, the tooth eruption patterns of seven extinct taxa
were investigated: Caenomeryx filholi, Pseudodama s. l. nestii,
Eucladoceros giulii, Heteroprox/Euprox, Hoplitomeryx,
Cervus philisi, and Procervulus praelucidus (Table 1).
Heteroprox/Euprox cannot be distinguished by dental charac-
ters and are treated as a unit. For fossil material, the following
institutes were visited: IQW, Senckenberg Forschungsstation
für Quartär-Paläontologie Weimar; NMB, Naturhistorisches
Museum Basel; BSPG, Bayerische Staatssammlung für
Paläontologie und Geologie; and NBC, Naturalis Biodiversity
Center.
Data Collection
The eruption sequence of the lower jaw was documented.
Each tooth was coded as not erupted, erupting, or fully
erupted/functional. Teeth that were already visible under
the bone but had not begun to erupt were coded as 0. As
soon as one cusp or part of the tooth had penetrated through
the bone it was coded as 1 and as soon as the tooth reached
the functional position it was coded as 2. Nonetheless, due
to different speeds of eruption, especially for the third molar,
also the status of wear of the dentition and the height above
the alveoli were taken into account for the sequences. Not
represented stages were reconstructed according to anterior-
posterior sequence as it holds true for incisors as well as
molars.
Phylogenetic Framework for Cervidae
We used a compound tree based on different sources as phylo-
genetic framework for the heterochronic analysis. The main ar-
rangement is according to the phylogeny of Gilbert et al. (2006).
The position of Ozotoceros bezoarticus follows Barbanti Duarte
et al. (2008) and Candiacervus sp. was placed as sister taxon of
the fallow deer,Dama dama (de Vos 1984).Most branch lengths
were taken from Gilbert et al. (2006). Additional branch lengths
were taken from Barbanti Duarte et al. (2008) to include
Table 1 Tooth eruption sequences for investigated artiodactyl species
Family Species n Pattern
Cainotheriidae Caenomeryx filholi a 66 m1 m2 i1 i2 i3 c m3 p2 p3 p4
Cervidae Axis axis 11 m1 m2 i1 i2 i3 c m3 p4 p3 p2
Blastocerus dichotomus 9 m1 m2 (i1 i2 m3) i3 c p4 p3 p2
Capreolus capreolus 119 m1 m2 i1 i2 i3 m3 c p2 p3 p4
Cervus elaphus 146 m1 m2 i1 i2 m3 i3 c p2 p3 p4
Cervus philisi a 28 m1 (i2 m2) m3 p3 p4 p2 - - -
Dama dama 49 m1 i1 m2 i2 i3 c m3 p4 p3 p2
Elaphodus cephalophus 3 m1 m2 m3 i1 i2 i3 c (p p p)
Eucladoceros giulii a 60 m1 m2 m3 (p p p) - - - -
Heteroprox/Euprox a 4 m1 m2 m3 (p p p) - - - -
Hippocamelus sp. 4 m1 m2 m3 i1 i2 (p3 p4 p2 i3) c
Hoplitomeryx a 11 m1 m2 m3 (p p p) - - - -
Hydropotes inermis 12 m1 m2 i1 i2 i3 c m3 p4 p3 p2
Mazama gouazoubira 34 m1 m2 m3 i1 i2 i3 c p4 p3 p2
Muntiacus muntjak 14 m1 m2 m3 i1 i2 p3 p2 p4 i3 c
Odocoileus virginianus 12 m1 m2 i1 i2 i3 c m3 (p p p)
Ozotocerus bezoarticus 13 m1 m2 m3 i1 i2 i3 c p4 p3 p2
Procervulus praelucidus a 29 m1 m2 m3 (p p p) - - - -
Pseudodama s. l. nestii a 20 m1 m2 m3 (p p p) - - - -
Pudu puda 12 m1 m2 m3 i1 i2 i3 c (p p p)
Rusa timorensis 5 m1 m2 i1 m3 i2 (i3 c p4 p3 p2)
Rusa unicolor 9 m1 m2 i1 i2 m3 i3 c p4 p3 p2
Tragulidae Hyemoschus aquaticus 5 m1 m2 m3 i1 i2 i3 c p4 p3 p2
Tragulus kanchil 14 m1 m2 m3 (i1 p3 p4 p2) i2 i3 c
Moschidae Moschus moschiferus 30 m1 m2 m3 p4 p3 p2 i1 i2 i3 c
Unresolved sequences are indicated in parenthesis
a extinct
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Ozotoceros bezoarticus as well as the split of the twoOdocoileus
species. The divergence age for the split between theMuntiacus
species was taken from Hernández Fernández and Vrba (2005).
Splitting age between Candiacervus andDamawas estimated at
around 2.15 Ma because the ancestor of Dama dama separated
from the ancestor of Cervus elaphus and Rusa unicolor around
4.3 Ma ago (Gilbert et al. 2006).
Heterochrony Analysis for Cervidae
The resolution of the sequences of eruption was completely
resolved for 12 cervid species: Axis axis, Capreolus
capreolus, Cervus elaphus, Dama dama, Elaphodus
cephalophus, Hydropotes inermis, Mazama gouazoubira,
Muntiacus muntjak, Odocoileus virginianus, Ozotoceros
bezoarticus, Pudu puda, and Rusa unicolor. Four species were
added to the analyses based on literature data: Candiacervus
sp. (van der Geer et al. 2014), Muntiacus reevesi (Chapman
et al. 1985), Odocoileus hemionus (Mosby 1960), and
Rangifer tarandus (Miller 1972). Two different methods were
used to infer the heterochronic shifts as well as the ancestral
sequence of tooth eruption. One was a PGi - Parsimov-based
genetic inference (Harrison and Larsson 2008). This method
reconstructs sequence heterochronies as well as ancestral
states by treating the whole sequence as one character and
using a Parsimov-based algorithm for edit-cost optimization.
The analysis was conducted using the R software (version
3.0.2) as well as the package pgi 2.0. Included in this analysis
were 16 cervid species as well as the eruption of the ten teeth
of the adult dentition. Eruption of premolars was coded as one
single event due to the significant intraspecific variation of the
eruption sequence of premolars in Cervidae. The following
parameters were used to conduct eight different PGi-analyses:
number of sequences per cycle: 150; number of cycles: 150;
and number of sequences retained at each node: 150. The
semi-exhaustive search was limited to 10,000 permutations
per cycle. All eight analyses were performed independently
and the shortest tree was chosen because it represents the most
parsimonious scenario for heterochronic shifts. In addition to
a PGi-analysis, a continuous analysis (Germain and Laurin
2009) was conducted, resulting in an ancestral sequence,
heterochronic shifts, as well as a 95 % confidence interval.
This analysis uses squared-change parsimony (Maddison
1991) and independent contrast (Felsenstein 1985), and it is
based on a Brownian motion model. The different stages were
standardized between 0 and 1 using adjusted ranks formula:
rs ¼ r−rminð Þ
.
rmax−rminð Þ
(Laurin and Germain 2011). Continuous analysis was per-
formed using Mesquite (version 3.01) (Maddison and
Maddison 2011), together with the module PDAP:PDTREE
(version 1.16) (Midford et al. 2011).
Life History
Ruminant life history variables collected from the literature
(Pérez-Barbería and Gordon 2005; Tacutu et al. 2013) include
longevity, body weight, brain weight, weaning period, and the
age of sexual maturity for females (Supplementary Table 2).
Information on the age of first molar eruption was taken from
different sources: Apeyceros melampus (Roettcher and
Hofmann 1970), Alces alces (Peterson 1955), Antidorcas
marsupialis (Rautenbach 1971), Antilocapra americana
(Lubinski 2001), Bison bonasus (Wegrzyn and Serwatka
1984), Capra ibex (Habermehl 1985), Capra pyrenaica
(Vigal and Machordom 1985), Capreolus capreolus
(Habermehl 1985), Capricornis crispus (Miura and Yasui
1985), Cervus elaphus (Habermehl 1985), Cervus nippon
(Ohtaishi 1980), Connochaetes taurinus (Attwell 1980),
Dama dama (Habermehl 1985), Damaliscus lunatus
(Mertens 1984), Eudorcas thomsonii (Robinette and Archer
1971), Giraffa camelopardalis (Hall-Martin 1976),
Hemitragus jemlahicus (Caughley 1965), Hippotragus niger
(Grobler 1980), Muntiacus reevesi (Chapman et al. 1985),
Odocoileus hemionus (Mosby 1960), Odocoileus virginianus
(Severinghaus 1949), Oryx leucoryx (Ancrenaz and
Delhomme 1997), Ovibos moschatus (Henrichson and Grue
1980), Ovis ammon (Habermehl 1985), Ovis canadensis
(Mosby 1960), Ovis dalli (Hemming 1969), Ozotoceros
bezoarticus (Bianchini and Delupi 1993), Rangifer tarandus
(Miller 1972), Rupicapra pyrenaica (Pérez-Barbería and
Mutuberría 1996), Rupicapra rupicapra (Habermehl 1985),
Saiga tatarica (Bannikov et al. 1961), Sylvicapra grimmia
(Wilson et al. 1984), Syncerus caffer (Taylor 1988), and
Tragelaphus oryx (Jeffery and Hanks 1981).
We investigated the relationship between hypsodonty in-
dex (Janis 1988) and permanent tooth eruption sequence as
well as age of first molar eruption (Supplementary Table 2).
First, the age of first molar eruption in the lower jaw was
tested against the other variables. Second, the tooth eruption
sequences of different ruminants were sorted into six different
groups as predicted by Schultz’s Rule. Groups are based on
relative timing between tooth replacement and molar eruption
(Table 2). Kendall’s tau was used to test for statistical support
for the correlations. Statistical analyses were performed in
PAST software (version 2.17c) (Hammer et al. 2001). Adobe
Photoshop CS5 was used to create the artwork for this study.
Results
Tooth Eruption
The recorded eruption sequences are shown in Table 1. Not all
relative sequences could be documented to completion. All
investigated Cervidae start the eruption sequence with the first
J Mammal Evol
25
Chapter I
molar, and except for the genera Muntiacus and
Hippocamelus, all end the sequence with the eruption of the
premolar teeth. In Hippocamelus sp. and Muntiacus muntjak,
as well as in ruminants Moschus moschiferus and Tragulus
kanchil, the last tooth to erupt was the canine. Premolar teeth
always erupted simultaneously or closely tight in timing. In all
South American cervids, the molar eruption took place before
the first incisors were replaced. The only exception might be
Blastocerus dichotomus, but the relative eruption sequence of
i1 – i2 – m3 could not be resolved. Other related species with
the same sequence areCandiacervus sp. andDama damawith
m1 – i1 – m2 – i2 – i3 – c – m3 – p4 – p3 – p2 (van der Geer
et al. 2014) as well as both Odocoileus species also with m1 –
m2 – i1 – i2 – i3 – c – m3 – (p – p – p) (Mosby 1960). The
Odocoileus virginianus sequence differs from the ones de-
scribed by Severinghaus (1949) and Brokx (1972). Three dif-
ferent premolar sequences were recorded in Capreolus
capreolus (Table 3). The relative position of the third molar
is not stable; it can erupt either before the third incisor or
before or after the canine. Cervus elaphus is the most variable
species, with four different tooth eruption sequences and the
only documented case where premolar eruption preceded third
molar eruption in one case (Table 4). The most common se-
quence, however, is m1 –m2 – i1 – i2 –m3 – i3 – c – p2 – p3 –
p4. The closely related Rusa species do not share a common
replacement pattern. Rusa unicolor replaces the teeth in the
order of m1 – m2 – i1 – i2 – m3 – i3 – c – (p4 – p3 – p2),
whereas Rusa timorensis replaces in a different order: m1 –
m2 – i1 –m3 – i2 – (i3 – c – p4 – p3 – p2). Although the final
sequence could not conclusively be resolved, the third molar
has accelerated its eruption before the second incisor in Rusa
timorensis.
In addition to the cervid species, the permanent tooth erup-
tion pattern of one moschid species and two tragulid species
were documented. Most basal of these are the tragulids
Hyemoschus aquaticus and Tragulus kanchil . For
Hyemoschus aquaticus, the sequence is m1 – m2 – m3 – i1
– i2 – i3 – c – p4 – p3 – p2 and for Tragulus kanchil, m1 –m2
– m3 – (i1 – p3 – p4 – p2) – i2 – i3 – c. The resolution of the
incisors is based on the constant anterior-posterior replace-
ment of these teeth, a pattern that rarely changes. In these
two species the permanent tooth eruption patterns differ.
While in one tragulid species, Tragulus kanchil, the eruption
of the replacement teeth is premolars before incisors (with
overlap), in Hyemoschus aquaticus a replacement pattern
from anterior to posterior can be found. In Moschus
moschiferus, the sequence is m1 – m2 – m3 – p4 – p3 – p2
– i1 – i2 – i3 – c, comparable to the one from Tragulus kanchil,
and not documented in any cervid species. The bovid,
Sylvicapra grimmia has a comparable tooth eruption sequence
(Wilson et al. 1984).
Heterochrony
The PGi analyses resulted in eight consensus trees of similar
length (minimum tree length: 9). This overall consensus in
tree length suggests a very stable analysis and a fitting use
of parameters. The resulting ancestral sequence for Cervidae
is m1 –m2 – i1 – i2 – i3 – c –m3 – (ppp). This sequence is still
present or common in Axis, Odocoileus, Capreolus,
Hydropotes, and also within the range of variation of Cervus
elaphus. Most changes happened in the sequence of the genus
Muntiacus. Here, the analysis resulted in an acceleration of the
third molar for the genera Muntiacus and Elaphodus
(Muntiacini) and also in delayed eruption of the third incisor
and the canine for Muntiacus. The uniform tooth eruption
sequence of the South American representatives in the dataset
originates from an accelerated eruption of the third molar. In
general, cervids accelerate the eruption of different tooth po-
sitions rather than delay eruption. Details about the
heterochronic shifts in the eruption sequence of cervids in
phylogeny based on PGi-analysis are depicted in Fig. 1.
The continuousmethod resulted in an ancestral sequence of
m1 – m2 – i1 – i2– m3 – i3– c – (ppp). This sequence was
Table 2 Grouping of the tooth eruption sequences according to the Schultz’s Rule
Group Eruption sequence Species
1 m1 m2 m3 (i1 i2 i3 c p2 p3 p4) Antidorcas marsupialis, Antilocapra americana, Elaphodus cephalophus, Eudorcas
thomsonii, Giraffa camelopardalis, Hippotragus niger, Hyemoschus aquaticus,
Mazama gouazoubira, Moschus moschiferus, Muntiacus muntjak, Muntiacus reevesi,
Ozotoceros bezoarticus, Pudu puda, Saiga tatarica, Sylvicapra grimmia, Syncerus caffer
2 m1 m2 (i1 m3 i2 i3 c p2 p3 p4) Aepyceros melampus, Capricornis crispus, Connochaetes taurinus, Damaliscus lunatus,
Rusa timorensis, Rupicapra pyrenaica, Oreamnos americanus, Oryx leucoryx, Ovibos
moschatus, Ovis dalli, Tragelaphus oryx
3 m1 m2 (i1 i2 m3 i3 c p2 p3 p4) Capra ibex, Cervus elaphus, Rusa unicolor
4 m1 m2 (i1 i2 i3 m3 c p2 p3 p4) Capreolus capreolus
5 m1 m2 (i1 i2 i3 c m3 p2 p3 p4) Axis axis, Hydropotes inermis, Odocoileus hemionus, Odocoileus virginianus
6 m1 (i1 m2 i2 i3 c m3 p2 p3 p4) Candiacervus sp., Dama dama, Rangifer tarandus
Molars are in bold and replacement teeth are unordered (indicated by parenthesis)
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documented in Cervus elaphus as well as Rusa timorensis. In
general, the continuous method resulted in more
heterochronic shifts than the PGi-analysis. All represented
species had a heterochronic shift in the second lower incisor,
mostly accelerating its eruption (Fig. 2).
Life History
In the investigated ruminants the age of first molar eruption as
well as the pattern of dental eruption were compared with each
other as well as with life history and anatomical variables.
When comparing the time of first molar eruption with the
grouped tooth eruption sequences, no significant correlation
was detected using Kendall’s tau. Nonetheless, the trend was
positive. The size of the brain was highly correlated with the
age of first molar eruption but not with the emergence pattern
itself. However, it showed a positive trend for both correla-
tions. Weight showed a positive correlation with the age of
first molar eruption but not with the pattern of permanent tooth
emergence. Longevity was also highly correlated with the age
of first molar eruption and showed a positive trend. It was not
correlated with the pattern of tooth eruption. The same is true
for the age of female sexual maturity and weaning period. No
significant correlation was found between the hypsodonty in-
dex and the pattern of permanent tooth emergence (Table 5).
Discussion
This study aimed at investigating the tooth eruption sequence
in Cervidae and at demarcating impacting factors thereof.
Altogether, 16 lower jaw eruption sequences of cervids were
used to infer the ancestral stage of tooth eruption as well as
heterochronic shifts. Cainotherium filholi exhibited the same
relative eruption sequence of the permanent dentition as the
inferred ancestral stage for cervids from the PGi-analysis.
Our analyses show that the eruption patterns in ruminants
are not significantly influenced by life history variables or
hypsodonty. In general, related species tend to share a com-
mon or similar eruption pattern. In cervids, the overall vari-
ability of the eruption patterns is restricted due to anatomical
constraints such as the ability of the jaw to accommodate all
molars and the close timing of eruption of the three premolar
teeth.
Table 3 Variation in permanent premolar tooth eruption sequence found in this study
n p2 - p3 - p4 p4 - p3 - p2 p3 - p2 - p4 p3 - p4 - p2 (p2 - p4) - p3
Cainotheriidae Caenomeryx filholi a 3 2 – 1 – –
Cervidae Axis axis 1 – 1? – – –
Blastocerus dichotomus 2 – 2 – – –
Capreolus capreolus 10 6 3 – – 1
Cervus elaphus 5 4 1 – – –
Cervus philisi a 2 – – – 2 –
Dama dama 2 – 2 – – –
Hippocamelus sp. 2 – – – 2 –
Hydropotes inermis 2 – 2 – – –
Mazama gouazoubira 1 – 1 – – –
Muntiacus muntjak 2 – – 2 – –
Ozotocerus bezoarticus 2 – 2 – – –
Rusa timorensis 2 – 2 – – –
Rusa unicolor 1 – 1? – – –
Moschidae Moschus moschiferus 1 – 1 – – –
Tragulidae Hyemoschus aquaticus 1 – 1 – – –
Tragulus kanchil 1 – – – 1 –
a extinct
Table 4 Variation of permanent tooth emergence sequences found in
this study
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Sequence of Replacement
In cervids, incisors are replaced sequentially from anterior to
posterior. This is also the case in all examined moschids,
tragulids, Camelus (Bello et al. 2013), and all documented
ruminants from the literature. The lower canine in
Ruminantia is incisiviform and increases the size of the incisor
shovel (e.g., Thenius 1989). Usually, this tooth is replaced
after i3 and therefore follows the anterior-posterior sequential
replacement, although eruption of i3 and canine can be closely
timed (e.g., Severinghaus 1949; Habermehl 1985; Ancrenaz
and Delhomme 1997). The anterior-posterior eruption se-
quence of the incisors and canines, however, is not generally
fixed in placentals (e.g., Kirkpatrick and Sowls 1962;
Matschke 1967; Smuts 1974; Habermehl 1975; Smuts et al.
1978; Shigehara 1980; Smith 2000; van Horn et al. 2003;
Asher and Olbricht 2009).
The premolar teeth are replaced more or less simultaneous-
ly in cervids and any tooth could start the eruption sequence.
This is supported by lower jaws where premolar height above
the alveoli suggests simultaneous eruption. For Rangifer
tarandus and Odocoileus virginianus, a sequence of (p2 –
p3) – p4 or p2 – (p3 – p4) has been postulated (Miller 1972;
Severinghaus 1949) and for Odocoileus hemionus a sequence
of p3 – p4 – p2 (Robinette et al. 1957). Van der Geer et al.
(2014) proposed a posterior-anterior replacement pattern for
the premolar eruption sequence for Candiacervus. Habermehl
(1985) documented an alternate replacement for the roe deer
with p3 – p2 – p4. In Bovidae, the premolar eruption pattern is
not fixed either. Nonetheless, in many species a pattern of p2 –
p3 – p4 has been postulated, although for some the p2 is
missing (Supplementary Table 1). Here, no case of reversed
sequence has been reported but alternate eruption, either (p3 –
p4) – p2 (Mosby 1960; Hemming 1969; Vigal and
Machordom 1985) or p3 – (p2 – p4) (Caughley 1965). It has
been widely accepted that ruminants share a sequential pattern
(p2 – p3 – p4 or p4 – p3 – p2) of replacing teeth usually in the
order of p2 – p3 – p4 (Osborn 1970; Smith 2000; Luo et al.
2004), but data presented here show that premolar eruption
sequence can vary even in closely related species or within a
species. This is also true in other placentals, although premolar
eruption might not be as closely timed as in cervids (Slaughter
et al. 1974; Tattersall and Schwartz 1974; Smith 1994, 2000;
Gingerich and Smith 2010).
Molar eruption in cervids occurs in all recorded cases from
anterior to posterior, with no exception. No evidence from
other placentals has been found to contradict this (e.g.,
Slaughter et al. 1974; Habermehl 1985; Smith 2000).
Fig. 1 Result of the sequence heterochrony analysis using PGi (Harrison
and Larsson 2008). The reconstructed ancestral eruption sequence for the
lower jaw is listed at the root and species and reconstructed lineages
exhibiting this eruption sequence are traced in black. Grey lines indicate
a change of this pattern. Lower jaws show the sequential change for a grey
line and the affected tooth position. red: tooth position erupts delayed,
blue: tooth position erupts accelerated
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On the Methods of Sequence Heterochrony Analysis
We found differences in the results between PGi-analysis and
continuous analysis, as was the case in several other studies
(Geiger et al. 2014; Koyabu et al. 2014; Sheil et al. 2014). This
is due to the different approach both methods have. PGi-
analysis is not based on a time tree and it can deal with ties
or simultaneous events in the dataset (Harrison and Larsson
Fig. 2 Result of the sequence heterochrony analysis using continuous
analysis (Germain and Laurin 2009). a The reconstructed ancestral
eruption sequence for the lower jaw is listed at the root and species and
reconstructed lineages exhibiting this eruption sequence are traced in
black. Grey lines indicate a heterochronic shift in this pattern. Lower
jaws indicate the sequential change for a line and the affected tooth
position. red: tooth position erupts delayed, blue: tooth position erupts
accelerated. b 95 % confidence intervals for every single tooth position.
The ancestral eruption sequence is represented as midpoint and with
extreme points the 95 % confidence intervals are shown
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2008). On the other hand, the continuous analysis incorporates
branch length data and can be biased due to unresolved se-
quences (Germain and Laurin 2009; Koyabu et al. 2014). The
transformation of the data can also be a source of bias as
transformed data have the same intervals between events
(Germain and Laurin 2009). Both methods differ in dealing
with independence in the dataset. PGi-analysis does not as-
sume independence between events (Harrison and Larsson
2008); continuous analysis, on the other hand, does
(Germain and Laurin 2009). In general, the continuous anal-
ysis resulted in more heterochronic shifts than the PGi-analy-
sis. Nonetheless, the 95 % confidence interval of the continu-
ous analysis supports the result of the PGi-analysis.
Morphological Constraints, Adaption, and Dental
Eruption Patterns
Simpson et al. (1990) hypothesized that the pattern of eruption
of permanent dentition can be influenced by the anatomy of
the upper or lower jaw. Certain anatomical constraints are also
part of Schultz’s Rule (Smith 2000). Cervids and bovids share
a very similar dentary shape as well as tooth formula with the
four anterior incisiviform teeth followed by a diastema and
afterwards three premolars and three molars (e.g., Thenius
1989). Nonetheless, they do not all share the same pattern of
tooth replacement. Whereas, e.g., Dama dama and
Candiacervus start to replace their first incisor already early,
Pudu puda and Mazama gouazoubira replace this tooth after
the eruption of all three molars. The stable pattern in the
cheek-dentition in cervids, where premolar teeth nearly al-
ways erupt after the third molar, indicates that replacement
occurs as soon as the mandible is big enough to accommodate
the whole permanent dentition. This holds also for
Hyemoschus aquaticus, Tragulus kanchil, and Moschus
moschiferus. In rare cases (once in Cervus elaphus), the pre-
molar eruption precedes third molar eruption. Only a few
Ruminantia such as Ovis ammon (Habermehl 1985) and
Myotragus balearicus (Jordana et al. 2013) change the relative
sequence between premolar eruption and the third molar one
completely.
A simple but effective way to account for the effect of
morphology in the ruminant dentition is the hypsodonty index
(Janis 1988). Ruminant teeth share general tooth morphology;
all are selenodont (e.g., Thenius 1989; Hillson 2005). Not all
teeth, however, have the same height and therefore not all
teeth need the same space within the jaw. Using Kendall’s
tau to analyze the relation between the pattern of tooth emer-
gence and the age of first molar eruption did not result in a
correlation between these parameters (Table 5). Although the
size of the crown height is definitely different among the spe-
cies examined, it did not lead to a change in relative eruption
sequence. High crowned species such as Antidorcas
marsupialis or Eudorcas thomsonii have the same eruption
sequence as the low crowned Hyemoschus aquaticus or
Elaphodus cephalophus. Hypsodonty does not influence the
relative emergence pattern of the permanent dentition in
ruminants.
Tooth Eruption as Indicator for Life History Traits
The time of eruption of the first molar was positively correlat-
ed with longevity, age of female sexual maturity, brain mass,
weaning period, and body mass. For primates and Bungulates,
^ positive correlations among some of these traits have also
been found, although not always significant (e.g., Smith 1989,
1992, 2000; Godfrey et al. 2001, 2005; Guthrie and Frost
2011). A link among different life history traits in general
has been found in Artiodactyla. Brain size, for example, is
correlated with body mass, and body mass again is correlated
with maximum longevity (Isler and van Schaik 2012). Body
size in a broad sense can be a predictor for the pace of life
history. However, it might not be the source of differences
(e.g., Western 1979; Read and Harvey 1989). Therefore, the
age of first molar eruption can be seen as a predictor for the
pace of life history in the investigated ruminants. The pattern
of eruption is not linked to these life history and anatomical
traits (Table 5). Schultz’s Rule fails to predict the life history of
Ruminantia in this case. An outstanding example in this re-
gard is the emergence sequence of the two taxaMuntiacus and
Giraffa. Both genera share the same tooth eruption pattern, but
all life history variables investigated differ considerably. For
example, the age of first molar eruption is 10 months in
Giraffa camelopardalis but only 0.23 months in Muntiacus
reevesi (Supplementary Table 2).
Table 5 P-values from Kendall’s tau for different life history traits as well as for hypsodonty index
m1 Longevity Brain mass Body mass Sexual maturity (f) Weaning period Hypsodonty index
m1 p-value: – 0.005* 0.001* <0.001* <0.001* 0.007* 0.325
tau: – 0.347 0.466 0.513 0.412 0.363 0.132
Emergence p-value: 0.186 0.393 0.093 0.053 0.115 0.427 0.318
Pattern tau: 0.185 0.098 0.221 0.219 0.183 0.102 −0.129
It was tested for the time of first molar eruption (months) as well as for the emergence pattern itself grouped according to Table 2
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Phylogeny and Dental Eruption Patterns
The tooth eruption sequence in cervids, as in other mammals,
is largely conserved in phylogeny (e.g., Byrd 1981;
Greenwald 1988; Luo et al. 2004; Asher and Lehmann
2008; Ciancio et al. 2012), as for example seen in the genera
Capreolus and Hydropotes as well as Muntiacus and
Elaphodus. The divergence splits of both groups have been
estimated with around 7.3 Ma for Muntiacini and 5.6 Ma for
Capreolini (Gilbert et al. 2006). Nonetheless, Capreolus still
shows the eruption sequence ofHydropoteswithin its variabil-
ity, and within Muntiacini, the eruption pattern of Elaphodus
cephalophus falls within the range of variation of Muntiacus
muntjak (Table 4). Other examined taxa also have similar
eruption sequences such as Pudu puda , Mazama
gouazoubira, and Ozotoceros bezoarticus; Dama dama and
Candiacervus sp.; as well as Rusa unicolor and Cervus
elaphus (Table 1). The genusOdocoileus is more variable than
is recorded in this study. Patterns from literature differ from
the pattern observed here.Odocoileus virginianus for example
has been documented with the same tooth eruption sequence
as Rangifer tarandus (Severinghaus 1949; Miller 1972).
In Bovidae, some closely related species have similar se-
quences such as Ovibos and Capricornis as well as Eudorcas
and Antidorcas (Supplementary Table 1). The emergence pat-
terns of bovids in general, however, are less well resolved and
many species exhibit unique eruption patterns. An explanation
for this might be that the taxa represented are usually not
closely related, having divergence times of more than 5 –
10 Ma (Bibi 2013).
Comparisons with Fossil Artiodactyls
One extinct taxon studied preserved a complete permanent
eruption pattern in the lower jaw, the caenotherid
Caenomeryx filholi, from the Oligocene of Gaimersheim
(Fig. 3). Cainotheriidae are a sister taxon to ruminants
(Theodor 2010). The sequence represented in this artiodactyl
is in concordance with the result of the PGi-analysis (Fig. 1).
Lower first premolars have been lost in modern ruminants
(Thenius 1989). Caenomeryx filholi still possesses the com-
plete ancestral tooth formula 3143/3143 of placental mam-
mals (Thenius 1989) and therefore preservation of ancestral
characteristics in replacement order of permanent teeth is
possible.
All examined fossils from extinct taxa in this study have a
constant pattern in premolar-molar eruption. This persistence
of premolar eruption after molar eruption stands in contrast to
Schultz’s Rule, because body size range, a proxy for life his-
tory, among these species is large (e.g., Western 1979; Read
and Harvey 1989).
From the literature, the ruminant Myotragus balearicus
follows Schultz’s Rule scenario (Jordana et al. 2013). This
extinct island bovid has an eruption sequence of m1 – i1 –
m2 – (p3 – p4) – m3 and the first molar emerged at around
nine months (Jordana et al. 2013). It is one of the rare cases
where premolar eruption accelerated the third molar one and
studies showed that this species had a slow life history as well
as a long life span (Marín-Moratalla et al. 2011; Jordana et al.
2012, 2013). The next living relative to the genusMyotragus,
however, is the genus Ovis (Lalueza-Fox et al. 2005). Ovis
ammon also accelerates premolar eruption before the third
molar one (Habermehl 1985). Therefore, the eruption pattern
of Myotragus might be influenced by phylogeny as well.
Conclusion
Tooth eruption in cervids, as commonly in extant Ruminantia,
shows that there is variation in the permanent tooth eruption
sequences even among closely related species. According to
our results, these sequential differences are not influenced by
brain size, body mass, hypsodonty, or the life history factors
tested for but rather by their phylogeny. Closely related spe-
cies often share their tooth eruption sequences and differences
in patterns can be explained by observed intraspecific and
interspecific variations. These results stand in contrast to the
proposed Schultz’s Rule-hypothesis because here, the speed
of growth should have had a bigger impact on the permanent
tooth eruption sequence than any other factor (Smith 2000).
Nonetheless, Smith (2000) stated that the predictions of this
rule are not as strong for ruminant artiodactyls, which she
included in so called Bspecialized ungulates.^ These
Bungulates^ would only slowly adapt to changes in pace of
life history.
The age of first molar eruption, however, was correlated
with life history variables such as longevity, age of female
sexual maturity, and weaning period. Both brain weight and
weight in general were highly correlated with age of first mo-
lar eruption. This agrees with the literature on primates as well
as Bungulates^ (e.g., Smith 1989, 2000; Smith et al. 1994;
Godfrey et al. 2001, 2005; Guthrie and Frost 2011). The fossil
record as well as heterochrony methods allow for reconstruc-
tion of the ancestral emergence pattern. A pattern of m1 – m2
Fig. 3 Documented tooth eruption sequence for the lower jaw of Caenomeryx filholi. Newly erupted teeth (red), previously erupted ones (black)
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–i1 – i2 – i3 – c – m3 – (ppp) holds true for the common
ancestor of today’s cervids, based on results from PGi-analy-
sis, as well as for Caenomeryx filholi.
Premolar eruption remains unresolved due to the variability
of relative eruption sequence in these teeth. Sequential as well
as alternate replacement was documented even within one
species, which makes phylogenetic statements based on pre-
molar replacement problematic.
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Tooth eruption sequences in cervids and the effect of morphology, life history, and phylogeny. Journal of Mammalian Evolution. Veitschegger K*, Sánchez-Villagra MR  Paläontologisches Institut und Museum, Universität Zürich, Karl Schmid-Strasse 4, CH 8006 Zürich, Switzerland  * Corresponding author: Veitschegger K, E-mail: kristof.veitschegger@pim.uzh.ch   
Supplementary Table 1 Eruption sequences of Ruminantia reported in the literature considered in this work.  
Family Genus Eruption Sequence Source Antilocapridae Antilocapra americana m1 m2 m3 i1 p3 p4 i2 p2 i3 c Lubinski 2001 Bovidae Aepyceros melampus m1 m2 i1 m3 (i2 p2 p3) i3 c p4 Roettcher and Hofmann 1970   Antidorcas marsupialis m1 m2 m3 i1 i2 i3 c p3 p4  - Rautenbach 1971   Bison bonasus m1 m2 i1 (p2 m3) p3 i2 i3 p4 c Wegrzyn and Serwatka 1984   Capra ibex m1 m2 i1 (i2 p p p m3) i3 c Habermehl 1985   Capra pyrenaica m1 m2 i1 (p3 p4 m3) i2 p2 i3 c Vigal and Machordom 1985   Capricornis crispus m1 m2 i1 m3 i2 p2 p3 p4 i3 c Miura and Yasui 1985   Connochaetes taurinus m1 m2 i1 m3 i2 (p3 p4) i3 c  - Attwell 1980   Damaliscus lunatus m1 m2 i1 m3 p2 i2 p3 i3 (c p4) Mertens 1984   Eudorcas thomsonii m1 m2 m3 i1 i2 i3 c p2 p3 p4 Robinette and Archer 1971   Hemitragus jemlahicus m1 m2 i1 (m3 i2) p3 (p2 p4) i3 c Caughley 1965   Hippotragus niger m1 m2 m3 i1 i2 i3 (c p3 p2 p4) Grobler 1980   Oreamnos americanus m1 m2 i1 m3 (p3 p4) (i2 p2) i3 c Mosby 1960   Oryx leucoryx m1 m2 i1 m3 i2 p2 (i3 c) p3 p4 Ancrenaz and Delhomme 1997   Ovibos moschatus m1 m2 i1 m3 i2 (p2 p3) p4 i3 c Henrichson and Grue 1980   Ovis ammon m1 m2 i1 (i2 p2 p3 p4) (i3 m3) c Habermehl 1985   Ovis dalli m1 m2 i1 m3 (i2 p3 p4) p2 i3 c Hemming 1969   Rupicapra pyrenaica m1 m2 i1 m3 (i2 p2 p3 p4) i3 c Pérez-Barbería and Mutuberría 1996   Rupicapra rupicapra m1 (i1 m2) (i2 p2 p3 p4 m3) i3 c Habermehl 1985   Saiga tatarica m1 m2 m3 i1 (p2 p3 p4) i2 i3 c Bannikov et al. 1961   Sylvicapra grimmia m1 m2 m3 (p2 p3 p4) (i1 i2 i3) c Wilson et al. 1984   Syncerus caffer m1 m2 m3 i1 p2 p3 i2 p4 i3 c Taylor 1988   Tragelaphus oryx m1 m2 i1 m3 i2 i3 c (p2 p3) p4 Kerr and Roth 1970 Jeffery and Hanks 1981 Cervidae Alces alces m1 m2 i1 (i2 p3 p4 p2 m3) i3 c Peterson 1955   Candiacervus sp. † m1 i1 m2 i2 i3 c m3 p4 p3 p2 van der Geer et al. 2014   Capreolus capreolus m1 m2 i1 i2 i3 (c m3) p3 p2 p4 Habermehl 1985   Cervus elaphus m1 m2 i1 i2 i3 c m3 (p p p) Habermehl 1985   Cervus nippon m1 m2 i1 i2 (i3 c m3) (p p p) Ohtaishi 1980 
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  Dama dama m1 i1 i2 m2 i3 c (m3 p p p) Habermehl, 1985   Muntiacus reevesi m1 m2 m3 i1 i2 (p3 p2 p4) (i3 c) Chapman et al. 1985   Odocoileus hemionus m1 (m2 i1) i2 i3 c m3 p3 p4 p2 Robinette et al. 1957    Odocoileus hemionus m1 m2 i1 i2 i3 c m3 (p p p) Mosby 1960   Odocoileus virginianus m1 i1 m2 i2 i3 c m3 p2 (p3 p4) Severinghaus 1949   Odocoileus virginianus m1 m2 i1 (i2 m3) i3 c (p p p) Brokx 1972   Ozotoceros bezoarticus m1 m2 m3 i1 i2 i3 c (p p p) Bianchini and Delupi 1993   Rangifer tarandus m1 i1 m2 i2 i3 c m3 (p p p) Miller 1972 Giraffidae Giraffa camelopardalis m1 m2 m3 i1 i2 (p4 p3 p2) i3 C Hall-Martin 1976  
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Tooth eruption sequences in cervids and the effect of morphology, life history, and phylogeny. Journal of Mammalian Evolution. Veitschegger K*, Sánchez-Villagra MR  Paläontologisches Institut und Museum, Universität Zürich, Karl Schmid-Strasse 4, CH 8006 Zürich, Switzerland  * Corresponding author: Veitschegger K, E-mail: kristof.veitschegger@pim.uzh.ch  
Supplementary Table 2 Life history variables and hypsodonty index for examined species. Weight, age of female sexual maturity, longevity, and weaning period from Perez-Barberia and Gordon (2005), brain size from Tacutu et al. (2013), and hypsodonty index from Janis (1988). Age of first molar eruption taken from individual literature (2.5). Ovis canadensis was not used in statistical analyses.   
Family Species Weight (grams) 
Age of female 
sexual maturity 
(days) 
Longevit
y (years) 
Age of 
M1 Brain 
Weaning 
period Hypsodont
y Index 
eruption 
(months) 
size 
(grams)  (days) Antilocapridae Antilocapra americana 46'100 547 15.5 1.82 156 91 4.61 Bovidae Aepyceros melampus 52'500 456 25.6 4.5 161 167 4.89   Antidorcas marsupialis 39'000 213 19.8 0.93 138 121 4.89   Bison bonasus 610'000 730 26.4 6.5  - 213 6.12   Capra ibex 82'500 797 20.9 5  - 274 4.71   Capra pyrenaica 57'500 548 15.2 3  -  -  -   Capricornis crispus 80'000 1095 24 5.5 147  -  -   Connochaetes taurinus 164'500 411 24.3 5.5 423 278 4.94   Damaliscus lunatus 110'000 639 23.6 7 364  - 5.1   Eudorcas thomsonii 25'000 365 20 2 76 102 3.77   Hemitragus jemlahicus 35'200 547 21.8 2.5  - 151 4.95   Hippotragus niger 225'000 768 22.2 6 427 213 3.77   Oreamnos americanus 90'000 912 20.8  -  - 122 2.76   Oryx leucoryx 121'350 794 20.8 2.8  - 137  -   Ovibos moschatus 315'000 1096 27.4 6  - 213 3.69   Ovis ammon 160'000 403 16.8 5 110 135  -   Ovis canadensis 70'275 707 20.6 6  - 152 4.11   Ovis dalli 73'100 684 19.6 1  - 129  -   Philantomba monticola 6'250 487 15.9  - 36  -  -   Rupicapra pyrenaica 30'000  - 12.3 3  -  -  -   Rupicapra rupicapra 37'500 674 17.6 4.5 137 76 4.19   Saiga tatarica 37'500 331 10.5 1 124 87 5.29 
37
Chapter I: Supplementary 2
  Sylvicapra grimmia 18'500 255 15.4 2 87 191 2.97   Syncerus caffer 700'000 1475 29.8 3.5 653 289 3   Tragelaphus oryx 500'000 589 26.1 7 578 182 2.91 Cervidae Alces alces 386'000 751 18.4 2.8 540 100 1.34   Axis axis 36'000 766 20.8  - 134 122  -   Candiacervus sp. † 59'000  - 18  -  -  -  -   Capreolus capreolus 21'667 413 17.5 3.5 122 89 1.49   Cervus elaphus 200'000 852 31.5 4.5 386 156 1.96   Cervus nippon 42'000 500 26.3 4 108 172 2.79   Dama dama 70'000 487 21.1 5 243 183 2.01   Elaphodus cephalophus 33'500 639 22.7  - 80  - 1.69   Hydropotes inermis 11'500 183 13.9  - 63  - 1.84   Mazama gouazoubira 17'000 395 14.8  - 60  -  -   Muntiacus muntjak 21'000 272 18.8  - 116 61 1.81   Muntiacus reevesi 18'000 274 23.2 0.23 57  - 1.12   Odocoileus hemionus 57'000 478 22 2.5 231 132 1.59   Odocoileus virginianus 87'000 309 23 2.33 230 129 1.23   Ozotoceros bezoarticus 32'500 365 21.9 0.58 121 167 2.12   Pudu puda 10'000 274 18.3  -  - 61 1.62   Rangifer tarandus 101'250 662 21.8 3 303 120 1.52   Rusa timorensis 63'000 464 21.1  - 187 228  -   Rusa unicolor 185'000 650 26.4  - 358 213 2.2 Giraffidae Giraffa camelopardalis 800'000 1278 39.5 10 773 152 1.2 Moschidae Moschus moschiferus 10'000 473 13.9  - 50 106 1.98 Tragulidae Hyemoschus aquaticus 11'000 403  -  -  - 180 1.3  
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Abstract
Background: The evolution of larger brain volumes relative to body size in Mammalia is the subject of an extensive
amount of research. Early on palaeontologists were interested in the brain of cave bears, Ursus spelaeus, and
described its morphology and size. However, until now, it was not possible to compare the absolute or relative
brain size in a phylogenetic context due to the lack of an established phylogeny, comparative material, and
phylogenetic comparative methods. In recent years, many tools for comparing traits within phylogenies were
developed and the phylogenetic position of cave bears was resolved based on nuclear as well as mtDNA.
Results: Cave bears exhibit significantly lower encephalization compared to their contemporary relatives and intraspecific
brain mass variation remained rather small. Encephalization was correlated with the combined dormancy-diet score. Body
size evolution was a main driver in the degree of encephalization in cave bears as it increased in a much higher pace
than brain size. In Ursus spelaeus, brain and body size increase over time albeit differently paced. This rate pattern is
different in the highest encephalized bear species within the dataset, Ursus malayanus. The brain size in this species
increased while body size heavily decreased compared to its ancestral stage.
Conclusions: Early on in the evolution of cave bears encephalization decreased making it one of the least encephalized
bear species compared to extant and extinct members of Ursidae. The results give reason to suspect that as herbivorous
animals, cave bears might have exhibited a physiological buffer strategy to survive the strong seasonality of their
environment. Thus, brain size was probably affected by the negative trade-off with adipose tissue as well as diet. The
decrease of relative brain size in the herbivorous Ursus spelaeus is the result of a considerable increase in body size
possibly in combination with environmental conditions forcing them to rest during winters.
Keywords: Physiological buffer, Dormancy, Diet, Ailuropoda, Helarctos, Melursus, Tremarctos, Ursus
Background
Cave bears, Ursus spelaeus, were a common faunal element
during the Pleistocene of Europe and Asia [1]. The habitat
of U. spelaeus was Eurasia with an east-west extension
ranging from Spain to the Altai Region of Russia [1–3].
The ancestral species of U. spelaeus, U. deningeri, was even
more widespread, with a habitat ranging from Spain to
Siberia and even reaching the British Isles [1, 3–5]. At the
end of the Pleistocene, cave bears shared the same fate as
most other elements of the Pleistocene megafauna and
became extinct [6–8]. Their time of extinction was
proposed to be around 27.800–25.000 years BP [9, 10].
Based on molecular data, the sister group to cave bears are
brown bears, U. arctos, and polar bears, U. maritimus,
together (Fig. 2). The evolutionary lineage of U. spelaeus
split from these two bear species sometime between 2.75 to
1.2 Ma years ago [11–13]. Traditionally, cave bears were
considered to be predominantly or exclusively herbivorous
based on the morphology of their teeth and jaws [1, 14–
18]. Several studies presented isotopic as well as morpho-
metric evidence confirming this hypothesis [2, 19–25].
However, the predominantly herbivorous diet of cave bears
was questioned based on isotopic [26, 27], morphometric
[28, 29], microwear [30, 31], and taphonomic evidence [32].
In recent years, many of these studies were dismissed basedCorrespondence: kristof.veitschegger@pim.uzh.chPalaeontological Institute and Museum, University of Zurich, Karl
Schmid-Strasse 4, 8006 Zürich, Switzerland
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on methodological errors or repeated with the result that
cave bears were indeed herbivorous [2, 19, 20, 33].
Cave bear brains are among the earliest ones of an extinct
species to be investigated and several studies discuss differ-
ent aspects of its evolution [34–42]. Many of these studies
focus on the external morphology of artificial, fossil, or
virtual endocasts [34, 35, 39–41]. Conflicting statements
were presented concerning the overall size of the cave bear
brain. Some authors suggested a small brain size compared
to body size and speculated that the increase of skull size in
the evolution of U. spelaeus outpaced brain size [35, 36].
Others suggested high brain volumes for cave bears and an
opposite scenario with brain size outpacing body size [37,
38, 42]. Many factors affect the size of brains. Brain tissue
itself is known to be expensive to produce and maintain
[43–45]. Absolute as well as relative brain size can be influ-
enced by social structure [46–48], environment [48–52],
sensory systems [53], evolutionary history [54–57], body
size evolution [42], and different physiological as well as life
history trade-offs [43, 52, 57–66].
Diet can have a profound effect on brain size as was
exemplified in bats and primates [67]. Recently, it was even
suggested that diet had a bigger effect on brain size than
sociality in primates [68]. The diet of bears is diverse with
varying amounts of plant and animal matter within and
among species [2]. It ranges from hypercarnivorous in polar
bears, U. maritimus, to folivorous in giant pandas,
Ailuropoda melanoleuca [2, 69]. Thus, diet of bears might
exhibit a link to brain size.
Some bear species survive the cold seasons with extended
resting periods, whereas especially tropical species are active
year-round [69]. Resting periods in bears are different from
deep hibernation as movement still can occur [70]. Thus,
these periods are better described as dormancy in bears. Pre-
vious to dormancy, bears increase the amount of stored body
fat [70]. The storage of high amounts of adipose tissue was
linked to a decreased brain size [60]. Bears represent a good
study object to investigate the effect of dormancy on brain
size because some species are active year round whereas
others increase the amount of adipose tissue annually [69].
In this study, I investigate the absolute and relative brain
size of U. spelaeus and all extant bear species in a phylogen-
etic context and add remarks on U. deningeri. For this, I cre-
ated a comprehensive brain size dataset for all extant bear
species and cave bears. Additionally, I examine potential var-
iables which could introduce energetic constraints affecting
brain size evolution such as dormancy, diet, and body size.
These variables were chosen because they can be recon-
structed for cave bears with some measure of certainty.
Methods
Data collection
Altogether, I measured 412 skulls of 10 extant and extinct
bear species (Table 1). U. spelaeus samples cover a time
period of about 20.000 years based on radiocarbon dating
[9]. Brain volume was measured using the glass bead
method [71]. I used 6 mm diameter soda lime glass beads.
The individual body mass (g) was inferred using the
basicranial length (SKL) as described by van Valkenburgh:
body mass (kg) = 2.02*Log10(SKL)-2.80 (least squares
regression) [72]. Brain volume was converted into brain
mass (g) using the specific weight of brain substance 1.036
Table 1 Results of body mass (g) and brain mass (g) estimates as well as residuals and investigated ecological scores
Species n average body
mass (g)
StD body
mass (g)
average body
mass literature (g)
average brain
mass (g)
StD
brainmass (g)
average
residuals
StD average
residuals
diet
score
dormancy
score
d*d
Ailuropoda
melanoleuca
5 118'637
(105'324–135'094)
10,748.36 97'500
(70'000–125'000)
281.79
(238.28–331.52)
33.89 −0.0029 0.0548 1.000 3.000 3.000
Tremarctos
ornatus
8 80'918
(64'223–110'621)
15,049.56 117'500
(60'000–175,000)
227.92
(176.12–279.72)
31.33 0.0373 0.0320 1.814 3.000 5.443
Ursus
americanus
28 117'116
(83'885–155'600)
20,168.42 170'000
(40'000–300'000)
256.78
(186.48–352.24)
38.39 −0.0373 0.0422 1.884 1.000 1.884
Ursus
arctos
93 177'628
(92'655–320'042)
40,696.57 390'000
(55'000–725'000)
378.08
(207.20–538.72)
61.38 −0.0080 0.0464 1.637 1.000 1.637
Ursus
deningeri
1 254,996 - - 341.88 - −0.1770 - - - -
Ursus
malayanus
50 82'379
(56'333–108'841)
13,709.85 52'500
(25'000–80'000)
340.43
(227.92–435.12)
47.31 0.2047 0.0403 2.684 3.000 8.051
Ursus
maritimus
82 211'265
(144'141–277'270)
33,275.87 402'500
(150'000–655'000)
498.80
(393.68–611.24)
53.75 0.0525 0.0320 2.970 2.000 5.940
Ursus
spelaeus
99 322'764
(209'553–425'411)
57,207.28 362'500
(225'000–500'000)
430.10
(321.16–569.80)
52.36 −0.1550 0.0443 1.000 1.000 1.000
Ursus
thibetanus
29 113'424
(78'533–166'402)
21,401.65 120'000
(40'000–200'000)
282.58
(186.48–414.40)
45.66 0.0155 0.0577 1.920 1.000 1.920
Ursus
ursinus
17 147'081
(124'439–183'291)
18,122.18 100'000
(50'000–150'000)
292.52
(248.64–352.24)
26.04 −0.0573 0.0360 2.606 3.000 7.818
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(g/cm3) [73]. The collected data is presented in Additional
file 1: Table S1. To assess the validity of previously
published cranial volumes of cave bears, I additionally
created a data subset predicting endocranial volume based
on external skull measurements for U. spelaeus, U. arctos,
and U. malayanus [74]. Raw data for this analysis can be
found in Additional file 2: Table S2.
The materials examined in this study are from the
following collections: Biologiezentrum Linz (BZL),
Geology School of Aristotle University Thessaloniki
(AUTH), Institut für Paläontologie Wien (PIUW), Natura-
lis Biodiversity Center Leiden (NBC), Naturhistorisches
Museum der Burgergemeinde Bern (NMBE). Naturhistor-
isches Museum Wien (NHM), Naturmuseum St. Gallen
(NMSG), Naturmuseum Südtirol Bozen (PZO), Muséum
National d’Histoire Naturelle Paris (MNHN), Museum für
Naturkunde Berlin (MfN), Paleontological Institute and
Museum University of Zurich (PIMUZ), and Zoological
Museum University of Zurich (ZMUZH).
Data analyses
Data were log10-transformed and examined using ordinary
least squares (OLS) and phylogenetic generalized least
squares (PGLS) (Fig. 1, Additional file 3: Supplementary
Information). I used OLS to investigate the differences in
intercepts and slopes between species. Residuals from a
PGLS based on brain/body mass (g) were used to investi-
gate the differences in relative brain size. With this, the data
were corrected for the effect of size. An initial investigation
revealed that the data were heavily skewed by U.
malayanus and U. spelaeus because of the uneven sampling
(Additional file 3: Supplementary Information). All other
bear species were more similar in body mass (g)/brain mass
(g). This was supported by the multiple and adjusted R2
(Additional file 3: Supplementary Information). Thus, the
basis for brain/body mass (g) residuals was the slope
(0.78069) and intercept (−1.50995) as retrieved by a PGLS
excluding U. malayanus and U. spelaeus. For PGLS, the
species-averaged brain mass and body mass were used.
Analyses were performed in R, version 3.2.3 [75]. PGLS
was executed as implemented in the packages ape and
caper [76, 77]. Results from OLS regressions on all data
points as well as a PGLS regression with all species are pre-
sented in the Additional file 3: Supplementary Information.
The phylogenetic relationships among Ursidae is not
completely understood as there are clear discrepancies
between trees based on nuclear and mitochondrial DNA
(mtDNA), mirroring a complex evolutionary history with
introgression and incomplete lineage sorting [78].
Complete phylogenies of Ursidae including cave bears are
based on mtDNA [11, 12], therefore, I use mtDNA
topology as basis for the phylogenetic analyses. The
relationship between cave bears and brown bear as well as
polar bear was also confirmed by nuclear DNA [79].
Recently, several new, former unrecognized species and
subspecies of U. spelaeus were described based on morpho-
logical and genetic data [3, 80–83]. However, some of these
taxa are polyphyletic [84, 85]. Here, I include all these pro-
posed cave bear species and subspecies in U. spelaeus, but
exclude the well-established ancestral species U. deningeri
[17]. U. deningeri is considered an anagenetic ancestor to
U. spelaeus [1, 80] and thus was excluded from all analyses
as it would either represent a duplication or cannot be
properly placed in phylogeny. Branch lengths for phylogen-
etically informed analyses were retrieved from Nyakatura
and Bininda-Emonds [86] and Bon [12].
Due to uneven sampling and small sample sizes in
species-averaged datasets, I use non-parametric analyses.
A Kruskal-Wallis test followed by a Dunn’s test with
Bonferroni adjustment was used on the resulting
Fig. 1 Scatterplot of log10 brain mass (g) against log10 body mass (g) with a PGLS regression lines (phylogenetic generalized least squares). In
black is the PGLS regression line for all data points (p value: 0.0148, slope: 0.43978, intercept: 0.24623, adjusted R2: 0.5378), in red the PGLS
regression line without Ursus malayanus and Ursus spelaeus (p value: 0.0016, slope: 0.78069, intercept: −1.50995, adjusted R2: 0.8606). The triangles
represent the mean for each species on which PGLS was calculated
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residuals to test for significant differences. This was
performed in R, version 3.2.3 [75], using the packages
pgirmess and PMCMR [87, 88]. The subset of different
brain volume estimations was analysed using a Wilcoxon
signed-rank test for paired samples in R, version 3.2.3.
[75]. Boxplots were created in the package ggplot2 [89].
I used squared-change parsimony [90] to reconstruct
ancestral stages for log 10 average body mass (g), log 10
average brain mass (g), and averaged residuals respect-
ively. This analysis follows a Brownian motion model of
evolution [91]. The resulting ancestral character states
were then used to investigate the relative mass change
(in percent) from one node to the following within the
tree. These analyses were performed for each variable
separately in Mesquite software (version 3.01) [92].
To test for a possible effect of dormancy and diet on rela-
tive and absolute brain size, I scored each of these variables
between 1 and 3: 1 represents states where a smaller brain
size is expected and 3 the opposite. Dormancy was scored
as 1 (dormancy), 2 (fasting periods), and 3 (no dormancy)
[69]. Dietary preferences were scored using the compilation
from van Heteren et al. [2]. The diet was scored between 1
(completely folivorous/low caloric diet) to 3 (completely
faunivorous (high caloric diet) using the formula:
Diet score ¼ percent folivory=overall percentð Þ�1
þ percent frugivory=overall percentð Þ�2
þ percent faunivory=overall percentð Þ�3
The scoring enables to multiply both scores to one under
the assumption that unidirectional or opposing trends show
a combined effect on brain size. This is possible because
the array of possible variables is constrained among three
states. I performed the Kendall’s tau correlation analysis in
R, version 3.2.3, using the package Kendall [93].
Results
The resulting averaged reconstructed body mass (g) and
brain mass (g) with standard deviation as well as the
ecological scores are given in Table 1.
The slopes of the OLS regression lines of the different
bear species were not significantly different from each
other. Intercepts, however, were in many cases signifi-
cantly different among species (Table 2, Additional file 4:
Table S3). The intercept of cave bears was not significantly
different from that of U. americanus and U. ursinus.
U. spelaeus and U. deningeri have the lowest average
residuals within the dataset, followed by U. ursinus and U.
americanus (Fig. 2, Table 1). The highest average residuals
were found in U. malayanus and U. maritimus. The
Kruskal-Wallis test followed by a Dunn’s test with Bonfer-
roni adjustment revealed that the residuals of U. spelaeus
are significantly smaller than of most other bear species,
except for U. ursinus and A. melanoleuca (Table 3).
The biggest documented cave bear brain volume is 1.8
times bigger than the smallest. In comparison, in U. arctos
it is 2.6 times bigger and in U. thibetanus 2.2 times. Polar
bears, however, exhibit low variation with the biggest brain
volume being 1.6 times bigger than the smallest (Table 1).
The comparison between different methods to estimate
brain volumes revealed that external measurements pro-
duced results significantly different from brain volume
measured directly with glass beads (Fig. 3). In U. spelaeus,
brain volumes inferred by external measurements were sig-
nificantly higher than those measured with soda lime glass
beads (n = 15, median glass beads = 410 ml, median exter-
nal measurements = 480 ml, V = 120, p-value = <0.0001).
The opposite is true for U. arctos and U. malayanus. Here,
brain volumes were significantly higher when measured
with glass beads (U. arctos: n = 34, median glass
beads = 370 ml, median external measurements = 312 ml,
V = 66, p-value = <0.0001; U. malayanus: n = 9, median
glass beads = 310 ml, median external measure-
ments = 191 ml, V = 0, p-value = 0.0039).
The ancestral stage reconstruction based on squared-
change parsimony revealed that the small relative brain
size of U. spelaeus and U. ursinus represent a secondarily
derived condition, as their respective ancestral stages ex-
hibit a higher relative brain size (Fig. 2, Additional file 5:
Table S4). The comparison between the relative change of
body mass (g) and brain mass (g) shows that the evolution
of a bigger body size in U. spelaeus outpaced brain size
evolution. Both increased size compared to their ancestral
stages, respectively; however, body size increased at a
much higher pace. The reverse was found in U. mariti-
mus, in which brain size evolution outpaced body size
increase. Nonetheless, in U. maritimus and U. spelaeus
brain as well as body size evolution are unidirectional
towards increasing. In U. americanus the trend is unidir-
ectional towards decrease. These cases contrast with the
decoupling trend recorded for U. malayanus. In this spe-
cies, the body size decreases where the brain size increases
leading to the high relative brain size found in this species.
At the basis of the tree, the analysis retrieved an ancestral
body mass of 112,052 g and a brain mass of 277 g.
Using Kendall’s tau to find correlations between ecological
scores and brain mass (g) revealed no significant results.
Residuals were not significantly correlated with dormancy
or diet scores. However, residuals were correlated with the
combined score (Table 4).
Discussion
Encephalization in Ursidae
U. spelaeus had a significantly smaller relative brain size
than most extant bear species. The brain size variation in
cave bears over time, between males and females [1] as
well as high altitude and lowland populations [81] did not
exceed the intraspecific variation in extant U. americanus,
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U. arctos, U. malayanus, and U. thibetanus. Especially, the
relative brain size of U. arctos and U. thibetanus exhibits a
considerable amount of variation. The study of brain size
evolution often focuses on the evolution of increased
encephalization and intelligence [38, 94–99]. Animals with
bigger relative brain size often show more flexibility in be-
haviour and are potentially more adaptable [100–104].
Nonetheless, brain tissue is expensive and producing it
comes at the cost of a slower life history [43–45, 57, 64,
105]. Therefore, in some species a secondary reduction of
relative or absolute brain size was described [106]. Espe-
cially, islands represent a challenging habitat for many
mammals and several species exhibit a secondary decrease
in encephalization [107, 108]. Dormancy and diet, separ-
ately, were not correlated with brain size; however, the
combination of both variables showed a significant effect.
A possible explanation for this correlation could be that
cave bears underwent a change in diet in a habitat in
which they were still forced to rest during winters [1, 9]
limiting the possibility of so called cognitive buffering [66,
109]. Under the Cognitive Buffer hypothesis, it is expected
that relative brain size of mammals in highly seasonal en-
vironment increases due to the necessity of behavioural
flexibility. This, however, also implies an active reaction
towards the environmental change. In contrast, dormancy
does not require this high level of behavioural flexibility
but relies on body fat storage, which additionally has a
negative trade-off with brain size [60, 66]. This suggests
that brain size in cave bears might exhibit a physiological
buffering effect [66] partly constraining relative brain size.
Other bear species such as U. arctos and U. americanus
would also exhibit this physiological buffering effect but
their food quality or life history might lessen the con-
straint on relative brain size.
In Ursidae, three life history variables have been dem-
onstrated to correlate with encephalization: gestation
time (negative), newborn mass (positive), and litter size
(negative) [57]. In A. melanoleuca, a combination of
these variable with a year-round active strategy [69] is
potentially the reason why the second herbivorous spe-
cies in the dataset exhibits an encephalization higher
than found in cave bears. Nonetheless, the life history
correlates with encephalization are not unidirectional in
the giant panda. In contrast, the highest encephalized
species, U. malayanus, shows unidirectional trends to-
wards increased encephalization in most variables with
heavy newborns, small litter size, non-resting strategy,
and 68% faunivory [2, 69, 110]. Gestation time and litter
size are not known for U. spelaeus. However, cave bears
were about the same size as U. arctos at birth [14, 111],
contributing to its small relative brain size. A small rela-
tive brain size can already be traced in U. deningeri. This
ancestor of U. spelaeus also exhibits low encephalization
and is usually considered a herbivorous species with
winter resting behaviour as well [25, 112].
The effect of diet alone on brain size in Ursidae re-
mains elusive. In other groups such as primates and bats
the link is more apparent. Fruit, blood, and meat eating
bats tend to be more encephalized than their insect-
eating relatives and in primates leaf-eaters are the least
encephalized [67, 68]. Although a comparable link was
proposed for Carnivora, it is hypothesized to be more
Table 2 Results of the pairwise comparisons of slopes and intercepts among different bear species
Ailuropoda
melanoleuca
Tremarctos
ornatus
Ursus
americanus
Ursus
arctos
Ursus
malayanus
Ursus
maritimus
Ursus
spelaeus
Ursus
thibetanus
Ursus
ursinus
Ailuropoda
melanoleuca
+/− 0.0034 +/− 0.0366 +/− 0.0306 +/− 0.1725***** +/− 0.1086***** +/− 0.0596*** +/−
0.0129
+/−
0.0347
Tremarctos
ornatus
+/− 0.4053 +/− 0.0400** +/− 0.0273 +/− 0.1691***** +/− 0.1052***** +/− 0.0630*** +/−
0.0096
+/−
0.0380*
Ursus
americanus
+/− 0.3957 +/− 0.0096 +/− 0.0672***** +/− 0.2091***** +/− 0.1452***** +/− 0.0230 +/−
0.0495*****
+/−
0.0019
Ursus
arctos
+/− 0.3362 +/− 0.0691 +/− 0.0595 +/− 0.1419***** +/− 0.0779***** +/− 0.0903***** +/−
0.0177
+/−
0.0653*****
Ursus
malayanus
+/− 0.3895 +/− 0.0158 +/− 0.0062 +/− 0.0533 +/− 0.0639***** +/− 0.2321***** +/−
0.1596*****
+/−
0.2072*****
Ursus
maritimus
+/− 0.2864 +/− 0.1189 +/− 0.1093 +/− 0.0498 +/− 0.1031 +/− 0.1682***** +/−
0.0956*****
+/−
0.1432*****
Ursus
spelaeus
+/− 0.2161 +/− 0.1892 +/− 0.1796 +/− 0.1200 +/− 0.1734 +/− 0.0702 +/−
0.0726*****
+/−
0.0250
Ursus
thibetanus
+/− 0.2497 +/− 0.1556 +/− 0.1460 +/− 0.0865 +/− 0.1398 +/− 0.0367 +/− 0.0335 +/−
0.0476*****
Ursus
ursinus
+/− 0.1606 +/− 0.2447 +/− 0.2351 +/− 0.1756 +/− 0.2289 +/− 0.1258 +/− 0.0555 +/−
0.0891
Significant results are marked with stars (p-value: *< 0.5, **< 0.1, ***< 0.01, ****< 0.001, *****< 0.0001)
Upper triangle shows intercept comparisons and lower triangle shows slope comparisons
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Fig. 2 Boxplots of the distribution of the residuals from PGLS (excluding Ursus malayanus and Ursus spelaeus) for Ursidae as well as result of the
squared change parsimony analysis. Additionally, the relative change (in percent) of log10 body mass (g) and log10 brain mass (g) is shown in
the boxes for every node. Terminal root value for log10 body size is 5.05 (112,052 g) and for log10 brain size 2.44 (277 g)
Table 3 Results of the Kruskal-Wallis rank sum test on the residuals of investigated bear species
Kruskal-Wallis rank sum test
K-W chi-squared: 338.89
df: 8, p-value: <0.0001
Ailuropoda
melanoleuca
Tremarctos
ornatus
Ursus
americanus
Ursus
arctos
Ursus
malayanus
Ursus
maritimus
Ursus
thibetanus
Ursus
ursinus
Tremarctos ornatus 1.0000 - - - - - - -
Ursus americanus 1.0000 0.7560 - - - - - -
Ursus arctos 1.0000 1.0000 1.0000 - - - - -
Ursus malayanus 0.0699 0.4557 <0.0001 <0.0001 - - - -
Ursus maritimus 1.0000 1.0000 <0.0001 <0.0001 0.0006 - - -
Ursus thibetanus 1.0000 1.0000 0.8645 1.0000 <0.0001 0.7134 - -
Ursus ursinus 1.0000 0.2586 1.0000 1.0000 <0.0001 <0.0001 0.2484 -
Ursus spelaeus 0.1133 <0.0001 0.0005 <0.0001 <0.0001 <0.0001 <0.0001 0.2602
In bold are significant results
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associated with the process of acquiring food rather than
the energetics of the diet itself [54, 67]. The change in
diet in cave bears and associated smaller relative brain
size is reminiscent of the often mentioned evolutionary
arms-race between Carnivora and Ungulates in which
Carnivora had to be more encephalized to outsmart
their (herbivorous) prey [98]. This scenario, however,
was later found to be unsubstantiated [113].
Smaers et al. [42] suggested that absolute brain size in
the evolution of U. spelaeus was outpacing body size. This
pattern was based on brain size estimates obtained by
external measurements [37, 38, 74]. Although external
measurements can predict brain volume with a certain
confidence [74, 114], they can also have considerable
prediction error [114]. The results of this study show that
external measurements overestimate the endocranial
volume of U. spelaeus (Fig. 3). The reason for this might
be the frontal bossing found in cave bears likely caused by
an extension of the frontal sinuses [16, 17, 35, 36, 41]. My
results show that in cave bears body size evolution out-
paced brain size evolution. Thus attesting to a remark by
Marinelli [36]. Smaers et al. [42] also published brain and
body size variables for three other extinct bear species
Arctodus simus (3 Ma – 0.01 Ma), Cephalogale ursinus
(23.8 Ma – 22.8 Ma), and Indarctos oregonensis (10.3 Ma
– 5.3 Ma). With these values C. ursinus would be placed
high above the regression line (residual: 0.33), A. simus
close to the line (residual: 0.04), and I. oregonensis below
the line (residual: −0.16). Fossil evidence has shown to
change the results of suggested bidirectional evolution in
brain size [99, 106]. However, in ursids, the cave bear
lineage represents one of the least encephalized compared
to extant and most extinct relatives.
On the methodology of body mass reconstruction
I calculated the mass of every specimen individually based
on skull length [72]. My body mass estimates, generally,
were well within the range of known body mass distribu-
tion for each species (Table 1) [69]. However, the estima-
tions for polar bears, U. maritimus, are generally small.
Thus, this animal might be closer to the range of other
bear species such as U. arctos in the scatterplot (Fig. 1). It
is, nonetheless, possible that the measured skulls are from
individuals from the lower range of mass distribution of
this species. The opposite is true for the two smaller bear
species U. malayanus and U. ursinus. U. malayanus
potentially could have even bigger brains compared to
body size than in the presented dataset. U. ursinus would
Fig. 3 Comparison between two methods for estimating brain volumes of Ursidae (asterisks mark significant differences based on a Wilcoxon signed-rank test)
Table 4 Results of Kendall’s tau on different scores as well as the combination of both
Diet score (d) Dormancy score (d) d*d
tau p-value tau p-value tau p-value
Average brain mass (g) 0.1970 0.5294 −0.1360 0.7285 0.0000 1.0000
Residuals 0.3660 0.2084 0.3400 0.2976 0.5560 0.0476
In bold are significant correlations
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be within the range of other extant bear species in the
scatterplot (Fig. 1) such as U. arctos. U. spelaeus is consid-
ered to be one of the biggest carnivorans [115], with some
estimates suggesting it to have surpassed the size of the
polar bear or the Kodiak brown bear, U. a. middendorffi,
by reaching a body mass of about 1′500 kg [1]. Based on
this, the cave bear could have had an exceptionally small
relative brain size. Considering the possible bias body
mass estimations based on skull length had on the
dataset, encephalization in Ursidae could be more
even with two strong outliers, U. malayanus towards
increased encephalization and U. spelaeus towards
decreased one.
Conclusion
The aim of this study was to examine the encephalization
in cave bears and comparing it with living and extinct
members of Ursidae. U. spelaeus, and subsequently all
potential species associated with this taxon, exhibit one of
the lowest encephalization in Ursidae because body size
increase outpaced brain size increase in its evolution. This
is a trend observable early on in the cave bear lineage as is
evidenced by the low encephalization of U. deningeri. My
results stand in contrast to previous interpretations of
cave bear brain evolution [42]. I showed that this study
has used overestimated brain volumes due to the shape of
cave bear skulls. Bear species, which do not exhibit
dormancy and have a high caloric diet, showed a weak but
significant correlation with bigger relative brain size. This
would be in accordance with the trait-off between brain
size and adipose tissue as well as studies on diet and brain
size [60, 66–68]. The ecological shift towards a plant based
diet alone did not affect encephalization in cave bears.
However, a more general link associated with food
acquirement strategy might still exist [67]. The herbivor-
ous U. spelaeus has a small relative brain size possibly due
to the combined effect of unequal body/brain size
evolution and a seasonal environment in which dormancy
was necessary for survival.
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Additional file 1:Table S1. Basicranial length, body mass estimates, brain volumes and brain mass for all 
examined bear skulls. (XLSX 33 kb)
Species Number SKL Body Mass (g) Brain Vol (ml) Brain Mass (g)
Ailuropoda melanoleuca MNHN 2000-363 276 135’094.09 280 290.08
Ailuropoda melanoleuca MNHN A 1729 244 105’324.03 270 279.72
Ailuropoda melanoleuca ZMB_Mam_17542 258 117’888.60 230 238.28
Ailuropoda melanoleuca ZMB_Mam_85761 260 119’741.90 320 331.52
Ailuropoda melanoleuca ZMB_Mam_17246 255 115’136.01 260 269.36
Tremarctos ornatus ZMB_Mam_6121 226 90’219.22 220 227.92
Tremarctos ornatus ZMB_Mam_34455 204 73’358.92 220 227.92
Tremarctos ornatus ZMUZH 17571 191 64’222.53 200 207.2
Tremarctos ornatus ZMUZH 17597 210 77’782.69 210 217.56
Tremarctos ornatus NMBE 1042648 250 110’621.32 270 279.72
Tremarctos ornatus ZMA 882 (NBC) 192 64’903.55 170 176.12
Tremarctos ornatus MNHN 1990-696 215 81’569.10 220 227.92
Tremarctos ornatus MNHN 1992-1469 219 84’663.67 250 259
Ursus americanus ZMB_Mam_69392 228 91’839.26 230 238.28
Ursus americanus ZMB_Mam_69390 237 99’309.70 250 259
Ursus americanus ZMB_Mam_23162 263 122’549.24 260 269.36
Ursus americanus ZMB_Mam_14388 258 117’888.60 270 279.72
Ursus americanus ZMB_Mam_87102 239 101’009.86 180 186.48
Ursus americanus ZMB_Mam_87106 218 83’884.58 200 207.2
Ursus americanus ZMB_Mam_87104 286 145’164.15 260 269.36
Ursus americanus ZMB_Mam_87103 295 154’539.84 340 352.24
Ursus americanus ZMB_Mam_87101 269 128’262.47 250 259
Ursus americanus ZMB_Mam_69404 252 112’416.25 250 259
Ursus americanus NMBE 1021778 242 103’587.43 260 269.36
Ursus americanus NMBE 1042659 296 155’599.88 290 300.44
Ursus americanus ZMA no nmb (NBC) 257 116’967.42 240 248.64
Ursus americanus ZMA 24412 (NBC) 264 123’492.32 300 310.8
Ursus americanus RN 547 (NBC) 294 153’483.47 310 321.16
Ursus americanus RN no nmb (NBC) 230 93’473.87 220 227.92
Ursus americanus RN no nmb (NBC) 245 106’197.79 210 217.56
Ursus americanus RN 16866 (NBC) 239 101’009.86 220 227.92
Ursus americanus MNHN 2006-442 283 142’104.75 280 290.08
Ursus americanus MNHN 1990-496 271 130’196.10 280 290.08
Ursus americanus MNHN 1938-125 254 114’225.77 220 227.92
Ursus americanus MNHN 1935-194 218 83’884.58 210 217.56
Ursus americanus MNHN 1902-1415 252 112’416.25 230 238.28
Ursus americanus MNHN Ca. E. 493 261 120’674.03 280 290.08
Ursus americanus MNHN 2006-418 269 128’262.47 250 259
Ursus americanus MNHN 1990-495 240 101’865.40 220 227.92
Ursus americanus MNHN A 2137 253 113’319.19 200 207.2
Ursus americanus MNHN A 2138 262 121’609.81 230 238.28
Ursus arctos ZMB_Mam_11069 296 155’599.88 310 321.16
Ursus arctos ZMB_Mam_5584 296 155’599.88 320 331.52
Ursus arctos ZMB_Mam_10356 305 165’304.88 340 352.24
Ursus arctos ZMB_Mam_3386 325 187’933.58 350 362.6
Ursus arctos ZMB_Mam_14395 287 146’191.27 320 331.52
Ursus arctos ZMB_Mam_13383 264 123’492.32 300 310.8
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Ursus arctos ZMB_Mam_14402 345 212’028.66 370 383.32
Ursus arctos ZMB_Mam_12008 340 205’867.32 360 372.96
Ursus arctos ZMB_Mam_13728 273 132’144.33 310 321.16
Ursus arctos ZMB_Mam_11377 366 238’908.61 420 435.12
Ursus arctos ZMB_Mam_14392 383 261’855.39 520 538.72
Ursus arctos ZMB_Mam_11081 324 186’767.33 420 435.12
Ursus arctos ZMB_Mam_14391 350 218’281.76 420 435.12
Ursus arctos ZMB_Mam_13246 292 151’381.69 360 372.96
Ursus arctos ZMB_Mam_14413 321 183’290.59 350 362.6
Ursus arctos ZMB_Mam_14401 343 209’553.12 400 414.4
Ursus arctos ZMB_Mam_14412 314 175’306.45 330 341.88
Ursus arctos ZMB_Mam_29294 346 213’271.94 420 435.12
Ursus arctos ZMB_Mam_28473 285 144’140.70 390 404.04
Ursus arctos ZMB_Mam_22197 267 126’343.45 270 279.72
Ursus arctos ZMB_Mam_28470 353 222’077.68 350 362.6
Ursus arctos ZMB_Mam_15637 311 171’939.63 320 331.52
Ursus arctos ZMB_Mam_45395 340 205’867.32 420 435.12
Ursus arctos ZMB_Mam_35488 297 156’663.57 290 300.44
Ursus arctos ZMB_Mam_37701 320 182’139.00 410 424.76
Ursus arctos ZMB_Mam_45413 248 108’840.97 250 259
Ursus arctos ZMB_Mam_48858 293 152’430.75 320 331.52
Ursus arctos ZMB_Mam_87121 281 140’083.43 320 331.52
Ursus arctos ZMB_Mam_87110 299 158’801.94 320 331.52
Ursus arctos ZMB_Mam_69343 229 92’654.75 250 259
Ursus arctos ZMB_Mam_69366 307 167’501.82 330 341.88
Ursus arctos ZMB_Mam_69344 284 143’120.90 300 310.8
Ursus arctos ZMB_Mam_52810 373 248’228.61 420 435.12
Ursus arctos ZMB_Mam_69341 343 209’553.12 390 404.04
Ursus arctos ZMB_Mam_51247 294 153’483.47 370 383.32
Ursus arctos ZMB_Mam_69369 349 217’023.80 440 455.84
Ursus arctos ZMB_Mam_69394 317 178’706.24 440 455.84
Ursus arctos ZMB_Mam_69368 316 177’569.31 370 383.32
Ursus arctos ZMB_Mam_69342 256 116’049.89 250 259
Ursus arctos ZMB_Mam_87131 293 152’430.75 350 362.6
Ursus arctos ZMB_Mam_93300 295 154’539.84 350 362.6
Ursus arctos ZMB_Mam_87147 304 164’211.90 360 372.96
Ursus arctos ZMUZH 10310 314 175’306.45 350 362.6
Ursus arctos ZMUZH 10158 302 162’036.94 370 383.32
Ursus arctos NMBE 1054621 358 228’477.65 400 414.4
Ursus arctos horribilis NMBE 1054540 364 236’278.82 420 435.12
Ursus arctos NMBE 1042563 268 127’301.14 260 269.36
Ursus arctos NMBE 1042418 358 228’477.65 400 414.4
Ursus arctos NMBE 1030173 356 225’906.64 430 445.48
Ursus arctos NMBE 1042417 315 176’436.05 360 372.96
Ursus arctos NMBE 1042343 352 220’808.70 420 435.12
Ursus arctos NMBE 1042384 295 154’539.84 340 352.24
Ursus arctos NMBE 1047854 302 162’036.94 320 331.52
Ursus arctos NMBE 1042355 286 145’164.15 340 352.24
Ursus arctos NMBE 1042396 295 154’539.84 390 404.04
Ursus arctos NMBE 1042361 265 124’439.04 330 341.88
Ursus arctos NMBE 1042364 319 180’991.08 420 435.12
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Ursus arctos NMBE 1042395 361 232’361.70 420 435.12
Ursus arctos NMBE 1042363 274 133’123.93 340 352.24
Ursus arctos NMBE 1042426 286 145’164.15 350 362.6
Ursus arctos NMBE 1042366 292 151’381.69 410 424.76
Ursus arctos NMBE 1042410 354 223’350.33 490 507.64
Ursus arctos NMBE 1030241 338 203’428.47 460 476.56
Ursus arctos NMBE 1042372 274 133’123.93 300 310.8
Ursus arctos NMBE 1042376 327 190’277.07 390 404.04
Ursus arctos NMBE 1042369 342 208’320.85 380 393.68
Ursus arctos NMBE 1042379 355 224’626.65 410 424.76
Ursus arctos NMBE 1042394 294 153’483.47 420 435.12
Ursus arctos NMBE 1054620 283 142’104.75 380 393.68
Ursus arctos NMBE 1042374 288 147’222.04 350 362.6
Ursus arctos NMBE 1042390 276 135’094.09 310 321.16
Ursus arctos NMBE 1042381 307 167’501.82 360 372.96
Ursus arctos syriacus NMBE 1042413 326 189’103.49 370 383.32
Ursus arctos NMBE 1042414 336 201’004.30 360 372.96
Ursus arctos NMBE 1042383 307 167’501.82 370 383.32
Ursus arctos NMBE 1042399 277 136’084.65 310 321.16
Ursus arctos NMBE 1042393 309 169’713.40 410 424.76
Ursus arctos NBC 2842/2 275 134’107.18 310 321.16
Ursus arctos NBC no nmb 347 214’518.89 400 414.4
Ursus arctos ZAM 9080 (NBC) 322 184’445.84 380 393.68
Ursus arctos syriacus ZAM 22960 (NBC) 262 121’609.81 270 279.72
Ursus arctos syriacus ZAM 16874 (NBC) 292 151’381.69 300 310.8
Ursus arctos ZAM A883 (NBC) 266 125’389.42 200 207.2
Ursus arctos ZAM 9081 (NBC) 284 143’120.90 320 331.52
Ursus arctos RN 4876 (NBC) 289 148’256.47 320 331.52
Ursus arctos ZMA 901 (NBC) 344 210’789.05 480 497.28
Ursus arctos RN 2254 (NBC) 353 222’077.68 430 445.48
Ursus arctos horribilis MNHN 2000-482 346 213’271.94 410 424.76
Ursus arctos horribilis MNHN 1899-21 353 222’077.68 330 341.88
Ursus arctos horribilis MNHN 2006-446 341 207’092.25 400 414.4
Ursus arctos middendorffi NMBE 1042555 423 320’042.42 490 507.64
Ursus arctos middendorffi NMBE 1042557 389 270’207.99 470 486.92
Ursus arctos middendorffi NMBE 1042556 341 207’092.25 390 404.04
Ursus deningeri Petralona PEC 1002 (AUTH) 378 254’996.04 330 341.88
Ursus malayanus ZMB_Mam_8626 225 89’414.65 300 310.8
Ursus malayanus ZMB_Mam_17531 221 86’232.78 330 341.88
Ursus malayanus ZMB_Mam_85773 228 91’839.26 380 393.68
Ursus malayanus ZMB_Mam_17533 214 80’804.55 350 362.6
Ursus malayanus ZMB_Mam_85774 205 74’087.13 310 321.16
Ursus malayanus ZMB_Mam_15638 198 69’065.90 260 269.36
Ursus malayanus ZMB_Mam_17245 200 70’482.38 300 310.8
Ursus malayanus ZMB_Mam_85770 221 86’232.78 310 321.16
Ursus malayanus ZMB_Mam_14377 238 100’157.96 380 393.68
Ursus malayanus ZMB_Mam_17532 211 78’532.71 370 383.32
Ursus malayanus ZMB_Mam_28472 235 97’624.11 400 414.4
Ursus malayanus ZMUZH 10161 190 63’545.13 330 341.88
Ursus malayanus ZMUZH 13810 210 77’782.69 330 341.88
Ursus malayanus ZMUZH 13116 235 97’624.11 350 362.6
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Ursus malayanus ZMUZH 10160 210 77’782.69 340 352.24
Ursus malayanus NMBE 1042692 183 58’904.87 260 269.36
Ursus malayanus NMBE 1042688 238 100’157.96 310 321.16
Ursus malayanus NMBE 1042689 206 74’818.98 260 269.36
Ursus malayanus NMBE 1042684 183 58’904.87 250 259
Ursus malayanus NMBE 1042677 182 58’256.48 250 259
Ursus malayanus NBC 4103 217 83’109.12 300 310.8
Ursus malayanus RN 11976 (NBC) 205 74’087.13 300 310.8
Ursus malayanus ZMA 1031  (NBC) 248 108’840.97 390 404.04
Ursus malayanus ZMA 14039 (NBC) 244 105’324.03 360 372.96
Ursus malayanus ZMA 1028 (NBC) 248 108’840.97 370 383.32
Ursus malayanus ZMA 1027 (NBC) 209 77’036.31 310 321.16
Ursus malayanus ZMA 9083 (NBC) 219 84’663.67 310 321.16
Ursus malayanus ZMA 9084 (NBC) 226 90’219.22 420 435.12
Ursus malayanus ZMA 9085 (NBC) 212 79’286.35 350 362.6
Ursus malayanus ZMA 23321 (NBC) 231 94’296.64 320 331.52
Ursus malayanus RN 12212 (NBC) 179 56’333.03 260 269.36
Ursus malayanus RN 679 (NBC) 182 58’256.48 220 227.92
Ursus malayanus RN 2298 (NBC) 202 71’913.39 340 352.24
Ursus malayanus RN 2628 (NBC) 233 95’953.09 370 383.32
Ursus malayanus RN 4878 (NBC) 239 101’009.86 420 435.12
Ursus malayanus RN 252 (NBC) 239 101’009.86 380 393.68
Ursus malayanus RN F152 (NBC) 214 80’804.55 360 372.96
Ursus malayanus RN 907 (NBC) 209 77’036.31 320 331.52
Ursus malayanus RN 3320 (NBC) 217 83’109.12 390 404.04
Ursus malayanus RN 1 (NBC) 221 86’232.78 320 331.52
Ursus malayanus NBC no nmb 225 89’414.65 330 341.88
Ursus malayanus NBC no nmb 225 89’414.65 350 362.6
Ursus malayanus MNHN 1919-62 221 86’232.78 350 362.6
Ursus malayanus MNHN 2006-413 204 73’358.92 320 331.52
Ursus malayanus MNHN 1936-398 211 78’532.71 320 331.52
Ursus malayanus MNHN A 2132 228 91’839.26 340 352.24
Ursus malayanus MNHN 2006-443 219 84’663.67 320 331.52
Ursus malayanus MNHN 2005-708 209 77’036.31 350 362.6
Ursus malayanus MNHN 1914-360 212 79’286.35 320 331.52
Ursus malayanus MNHN no nmb 184 59’556.89 250 259
Ursus maritimus ZMB_Mam_14384 367 240’229.01 550 569.8
Ursus maritimus ZMB_Mam_14385 382 260’476.17 540 559.44
Ursus maritimus ZMB_Mam_14383 317 178’706.24 470 486.92
Ursus maritimus ZMB_Mam_18700 338 203’428.47 470 486.92
Ursus maritimus ZMB_Mam_18702 334 198’594.80 450 466.2
Ursus maritimus ZMB_Mam_18693 328 191’454.32 500 518
Ursus maritimus ZMB_Mam_18695 361 232’361.70 520 538.72
Ursus maritimus ZMB_Mam_18698 358 228’477.65 490 507.64
Ursus maritimus ZMB_Mam_18692 334 198’594.80 470 486.92
Ursus maritimus ZMB_Mam_18697 336 201’004.30 460 476.56
Ursus maritimus ZMB_Mam_18691 364 236’278.82 520 538.72
Ursus maritimus ZMB_Mam_18696 324 186’767.33 480 497.28
Ursus maritimus ZMB_Mam_18706 333 197’395.55 500 518
Ursus maritimus ZMB_Mam_18712 298 157’730.93 400 414.4
Ursus maritimus ZMB_Mam_18703 382 260’476.17 590 611.24
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Ursus maritimus ZMB_Mam_18704 382 260’476.17 570 590.52
Ursus maritimus ZMB_Mam_29544 364 236’278.82 540 559.44
Ursus maritimus ZMB_Mam_18716 354 223’350.33 510 528.36
Ursus maritimus ZMB_Mam_18713 300 159’876.61 480 497.28
Ursus maritimus ZMB_Mam_29543 329 192’635.23 440 455.84
Ursus maritimus ZMB_Mam_18729 371 245’547.38 520 538.72
Ursus maritimus ZMB_Mam_43704 363 234’969.44 580 600.88
Ursus maritimus ZMB_Mam_43703 343 209’553.12 470 486.92
Ursus maritimus ZMB_Mam_43702 375 250’924.55 550 569.8
Ursus maritimus ZMB_Mam_29542 321 183’290.59 430 445.48
Ursus maritimus ZMB_Mam_43719 337 202’214.55 450 466.2
Ursus maritimus ZMB_Mam_43714 323 185’604.75 440 455.84
Ursus maritimus ZMB_Mam_43717 317 178’706.24 460 476.56
Ursus maritimus ZMB_Mam_43707 366 238’908.61 550 569.8
Ursus maritimus ZMB_Mam_43706 332 196’199.97 450 466.2
Ursus maritimus ZMB_Mam_43716 334 198’594.80 480 497.28
Ursus maritimus ZMB_Mam_43705 373 248’228.61 550 569.8
Ursus maritimus ZMB_Mam_43710 352 220’808.70 500 518
Ursus maritimus ZMB_Mam_48803 357 227’190.31 580 600.88
Ursus maritimus ZMB_Mam_69373 388 268’806.70 550 569.8
Ursus maritimus ZMB_Mam_69375 318 179’846.83 430 445.48
Ursus maritimus ZMB_Mam_46573 383 261’855.39 540 559.44
Ursus maritimus ZMB_Mam_48691 314 175’306.45 440 455.84
Ursus maritimus ZMB_Mam_69374 374 249’574.75 520 538.72
Ursus maritimus ZMB_Mam_83387 394 277’269.67 540 559.44
Ursus maritimus ZMUZH 10313 331 195’008.05 460 476.56
Ursus maritimus ZMUZH 10309 314 175’306.45 410 424.76
Ursus maritimus PIMUZ 13129 372 246’886.16 510 528.36
Ursus maritimus RN 2197 (NBC) 363 234’969.44 540 559.44
Ursus maritimus Rn cat. d. (NBC) 376 252’278.04 480 497.28
Ursus maritimus Rn cat. c. (NBC) 374 249’574.75 500 518
Ursus maritimus Rn cat. b. (NBC) 365 237’591.88 500 518
Ursus maritimus RN 20384 (NBC) 378 254’996.04 530 549.08
Ursus maritimus RN 20385 (NBC) 326 189’103.49 420 435.12
Ursus maritimus RN 20386 (NBC) 326 189’103.49 410 424.76
Ursus maritimus RN 20381 (NBC) 331 195’008.05 430 445.48
Ursus maritimus ZMA 22185 (NBC) 300 159’876.61 410 424.76
Ursus maritimus ZMA 1009 (NBC) 357 227’190.31 510 528.36
Ursus maritimus ZMA 2585 (NBC) 300 159’876.61 380 393.68
Ursus maritimus NBC 21701 323 185’604.75 410 424.76
Ursus maritimus NBC 21700 387 267’409.08 540 559.44
Ursus maritimus RN 20387 (NBC) 342 208’320.85 460 476.56
Ursus maritimus ZAM 25156 (NBC) 334 198’594.80 410 424.76
Ursus maritimus ZAM 19653 (NBC) 321 183’290.59 460 476.56
Ursus maritimus RN 20383 (NBC) 381 259’100.62 490 507.64
Ursus maritimus RN 19774 (NBC) 373 248’228.61 540 559.44
Ursus maritimus RN 19772 (NBC) 326 189’103.49 470 486.92
Ursus maritimus 21699 (NBC) 381 259’100.62 540 559.44
Ursus maritimus RN 20382 (NBC) 333 197’395.55 420 435.12
Ursus maritimus RN 19773 (NBC) 304 164’211.90 400 414.4
Ursus maritimus ZAM 17546 (NBC) 379 256’360.56 460 476.56
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Ursus maritimus MNHN 1943-51 357 227’190.31 490 507.64
Ursus maritimus MNHN 1938-93 331 195’008.05 490 507.64
Ursus maritimus MNHN 1934-50 308 168’605.78 400 414.4
Ursus maritimus MNHN 1996-2172 327 190’277.07 410 424.76
Ursus maritimus MNHN 1985-1874 320 182’139.00 500 518
Ursus maritimus MNHN 1934-51 318 179’846.83 460 476.56
Ursus maritimus MNHN 1972-620 312 173’058.24 490 507.64
Ursus maritimus MNHN 1906-57 358 228’477.65 490 507.64
Ursus maritimus MNHN 1928-300 320 182’139.00 420 435.12
Ursus maritimus MNHN 1928-299 285 144’140.70 400 414.4
Ursus maritimus MNHN 1928-304 314 175’306.45 450 466.2
Ursus maritimus MNHN 1865-168 376 252’278.04 570 590.52
Ursus maritimus MNHN 1971-266 320 182’139.00 430 445.48
Ursus maritimus MNHN 1928-316 325 187’933.58 460 476.56
Ursus maritimus MNHN 1929-218 328 191’454.32 520 538.72
Ursus maritimus MNHN 1961-293 337 202’214.55 430 445.48
Ursus spelaeus Arnsteinhöhle bei Meyerling, 
A 5547
454 369’192.46 420 435.12
Ursus spelaeus Conturines, Cu 703 386 266’015.14 420 435.12
Ursus spelaeus Drachenloch 1 436 340’222.25 450 466.2
Ursus spelaeus Drachenloch 10 390 271’612.97 370 383.32
Ursus spelaeus Drachenloch 11 379 256’360.56 350 362.6
Ursus spelaeus Drachenloch 13 374 249’574.75 420 435.12
Ursus spelaeus Drachenloch 20 362 233’663.73 310 321.16
Ursus spelaeus Drachenloch 21 357 227’190.31 360 372.96
Ursus spelaeus Drachenloch 3 387 267’409.08 450 466.2
Ursus spelaeus Drachenloch 4 425 323’106.46 440 455.84
Ursus spelaeus Drachenloch, no nmb 428 327’730.16 410 424.76
Ursus spelaeus Gamssulzen GS 524 441 348’149.64 380 393.68
Ursus spelaeus Gamssulzen, 1926/392  -  - 410 424.76
Ursus spelaeus Jgritzer Höhle bei Elesd, A 
5332
465 387’485.06 500 518
Ursus spelaeus Krzna Jama, A5335 366 238’908.61 320 331.52
Ursus spelaeus Krzna Jama, no nmb 448 359’402.91 430 445.48
Ursus spelaeus Medveda Dvorona x 366 238’908.61 400 414.4
Ursus spelaeus Medvedina Jama, Mj 980 479 411’412.74 470 486.92
Ursus spelaeus Medvedja Jama 71 433 335’510.06 390 404.04
Ursus spelaeus Merkensteinhöhle, no nmb 386 266’015.14 330 341.88
Ursus spelaeus Mixnitz 10 476 406’224.44 440 455.84
Ursus spelaeus Mixnitz 12 465 387’485.06 460 476.56
Ursus spelaeus Mixnitz 14 462 382’451.87 400 414.4
Ursus spelaeus Mixnitz 15 459 377’451.91 450 466.2
Ursus spelaeus Mixnitz 20 361 232’361.70 360 372.96
Ursus spelaeus Mixnitz 21 454 369’192.46 410 424.76
Ursus spelaeus Mixnitz 22 449 361’025.28 480 497.28
Ursus spelaeus Mixnitz 30 433 335’510.06 390 404.04
Ursus spelaeus Mixnitz 3000/3/25 385 264’624.88 420 435.12
Ursus spelaeus Mixnitz 3000/3/31 487 425’410.79 510 528.36
Ursus spelaeus Mixnitz 3000/3/32 435 338’647.83 470 486.92
Ursus spelaeus Mixnitz 3000/3/33 442 349’746.18 390 404.04
Ursus spelaeus Mixnitz 3000/3/34 427 326’185.24 430 445.48
Ursus spelaeus Mixnitz 3000/3/37 454 369’192.46 450 466.2
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Ursus spelaeus Mixnitz 3000/3/4 396 280’120.10 360 372.96
Ursus spelaeus Mixnitz 3000/3/44 404 291’669.06 400 414.4
Ursus spelaeus Mixnitz 3000/3/5 414 306’436.64 420 435.12
Ursus spelaeus Mixnitz 3000/3/6 475 404’502.39 480 497.28
Ursus spelaeus Mixnitz 3003/3/36 427 326’185.24 450 466.2
Ursus spelaeus Mixnitz 3003/3/39 399 284’423.35 350 362.6
Ursus spelaeus Mixnitz 3003/3/43 407 296’060.66 370 383.32
Ursus spelaeus Mixnitz 31 443 351’346.42 480 497.28
Ursus spelaeus Mixnitz 38 423 320’042.42 350 362.6
Ursus spelaeus Mixnitz 41 419 313’958.56 420 435.12
Ursus spelaeus Mixnitz 45 391 273’021.63 360 372.96
Ursus spelaeus Mixnitz 48 375 250’924.55 390 404.04
Ursus spelaeus Mixnitz 5 475 404’502.39 460 476.56
Ursus spelaeus Mixnitz 50 363 234’969.44 350 362.6
Ursus spelaeus Mixnitz 7 474 402’784.04 410 424.76
Ursus spelaeus Mixnitz 90 370 244’212.27 400 414.4
Ursus spelaeus Mixnitz 90 454 369’192.46 420 435.12
Ursus spelaeus Mixnitz F 14 450 362’651.33 390 404.04
Ursus spelaeus Mixnitz Sch90 364 236’278.82 380 393.68
Ursus spelaeus Petralona, PEC 1000 454 369’192.46 550 569.8
Ursus spelaeus Salzofenhöhle 2724 406 294’593.11 440 455.84
Ursus spelaeus Salzofenhöhle, no nmb 440 346’556.79 410 424.76
Ursus spelaeus Salzofenhöhle, no nmb 378 254’996.04 430 445.48
Ursus spelaeus Salzofenhöhle, Q3/23 390 271’612.97 370 383.32
Ursus spelaeus Salzofenhöhle, Q4/1 390 271’612.97 390 404.04
Ursus spelaeus Salzofenhöhle, RZ IX 1963 445 354’557.95 480 497.28
Ursus spelaeus Salzofenhöhle, RZ XI 1963 410 300’485.41 410 424.76
Ursus spelaeus Salzofenhöhle, SH 53 449 361’025.28 510 528.36
Ursus spelaeus Salzofenhöhle, SH 62 366 238’908.61 330 341.88
Ursus spelaeus Salzofenhöhle, SH 62 415 307’933.65 420 435.12
Ursus spelaeus Schreiberwandhöhle, SR 112 421 316’993.12 430 445.48
Ursus spelaeus Schwabenreith, SW 185c 418 312’446.81 360 372.96
Ursus spelaeus Schwabenreith, SW 2052 423 320’042.42 420 435.12
Ursus spelaeus Schwabenreith, SW 457 378 254’996.04 390 404.04
Ursus spelaeus Schwabenreith, SW 483 432 333’946.71 440 455.84
Ursus spelaeus Schwabenreith, SW 512 437 341’800.35 400 414.4
Ursus spelaeus Schwabenreith, SW 779c 403 290’212.55 420 435.12
Ursus spelaeus Schwabenreith, SW 849c 391 273’021.63 370 383.32
Ursus spelaeus Sloupsko-šošůvské jeskyně 70 487 425’410.79 500 518
Ursus spelaeus Sloupsko-šošůvské jeskyně 
C 1006
398 282’985.25 370 383.32
Ursus spelaeus Sloupsko-šošůvské jeskyně, 
A 5318
470 395’947.56 500 518
Ursus spelaeus Sloupsko-šošůvské jeskyně, 
A 5326
469 394’247.68 420 435.12
Ursus spelaeus Sloupsko-šošůvské jeskyně, 
A 5329
481 414’890.08 470 486.92
Ursus spelaeus Sloupsko-šošůvské jeskyně, 
A 5329
419 313’958.56 370 383.32
Ursus spelaeus Sloupsko-šošůvské jeskyně, 
A 5331
424 321’572.60 400 414.4
Ursus spelaeus Sloupsko-šošůvské jeskyně, 
A 5543
343 209’553.12 330 341.88
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Ursus spelaeus Sloupsko-šošůvské jeskyně, 
A 5544
474 402’784.04 500 518
Ursus spelaeus Sloupsko-šošůvské jeskyně, 
A 5545
461 380’781.53 430 445.48
Ursus spelaeus Sloupsko-šošůvské jeskyně, 
A 5550
374 249’574.75 330 341.88
Ursus spelaeus Sloupsko-šošůvské jeskyně, 
A 5552
372 246’886.16 420 435.12
Ursus spelaeus Sloupsko-šošůvské jeskyně, 
A 5553
397 281’550.84 360 372.96
Ursus spelaeus Sloupsko-šošůvské jeskyně, 
D 4198
484 420’133.81 370 383.32
Ursus spelaeus Sloupsko-šošůvské jeskyně, 
D 4204
422 318’515.93 380 393.68
Ursus spelaeus Sloupsko-šošůvské jeskyně, 
D 4207
457 374’137.06 430 445.48
Ursus spelaeus Sloupsko-šošůvské jeskyně, 
No 2
448 359’402.91 440 455.84
Ursus spelaeus Sloupsko-šošůvské jeskyně, 
no nmb
459 377’451.91 500 518
Ursus spelaeus Sloupsko-šošůvské jeskyně, 
SL 9
456 372’485.17 450 466.2
Ursus spelaeus Sundwig, MB. Ma. 5019 439 344’967.62 450 466.2
Ursus spelaeus Sundwig, St 18445 451 364’281.08 490 507.64
Ursus spelaeus Vypustekhöhle 1818 468 392’551.48 440 455.84
Ursus spelaeus Winden, 2678 477 407’950.18 500 518
Ursus spelaeus Zoolithenhöhle, MB. Ma. 1998 385 264’624.88 350 362.6
Ursus spelaeus Zoolithenhöhle, MB. Ma. 5017 416 309’434.35 450 466.2
Ursus spelaeus Zoolithenhöhle, MB. Ma. 5020 462 382’451.87 460 476.56
Ursus spelaeus Zoolithenhöhle, MB. Ma. 5022 391 273’021.63 350 362.6
Ursus spelaeus Zoolithenhöhle?, MB. Ma. 2029 382 260’476.17 350 362.6
Ursus thibetanus ZMB_Mam_17530 288 147’222.04 330 341.88
Ursus thibetanus ZMB_Mam_69379 236 98’465.08 260 269.36
Ursus thibetanus ZMB_Mam_69383 236 98’465.08 250 259
Ursus thibetanus ZMB_Mam_44367 216 82’337.29 180 186.48
Ursus thibetanus ZMB_Mam_69380 211 78’532.71 230 238.28
Ursus thibetanus ZMB_Mam_56747 243 104’453.90 270 279.72
Ursus thibetanus ZMB_Mam_87049 220 85’446.41 230 238.28
Ursus thibetanus ZMB_Mam_87043 250 110’621.32 250 259
Ursus thibetanus ZMB_Mam_87096 212 79’286.35 260 269.36
Ursus thibetanus ZMB_Mam_87050 306 166’401.52 310 321.16
Ursus thibetanus ZMB_Mam_69399 267 126’343.45 270 279.72
Ursus thibetanus ZMB_Mam_69396 252 112’416.25 250 259
Ursus thibetanus ZMB_Mam_69401 247 107’956.26 270 279.72
Ursus thibetanus NMBE 1042650 252 112’416.25 230 238.28
Ursus thibetanus NMBE 1042743 264 123’492.32 250 259
Ursus thibetanus R. Cat. a. (NBC) 296 155’599.88 360 372.96
Ursus thibetanus ZAM 11689 (NBC) 273 132’144.33 300 310.8
Ursus thibetanus ZAM 9082 (NBC) 250 110’621.32 240 248.64
Ursus thibetanus ZAM 14038 (NBC) 258 117’888.60 260 269.36
Ursus thibetanus ZAM 1026 (NBC) 257 116’967.42 270 279.72
Ursus thibetanus ZAM 9222 (NBC) 249 109’729.32 290 300.44
Ursus thibetanus R. Cat. c. (NBC) 263 122’549.24 240 248.64
Ursus thibetanus RN 4126 (NBC) 256 116’049.89 300 310.8
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Ursus thibetanus MNHN 1964-244 215 81’569.10 280 290.08
Ursus thibetanus MNHN 2006-419 263 122’549.24 260 269.36
Ursus thibetanus MNHN 1986-345 252 112’416.25 330 341.88
Ursus thibetanus MNHN 1870-533 248 108’840.97 300 310.8
Ursus thibetanus MNHN 2005-415 252 112’416.25 240 248.64
Ursus thibetanus MNHN 1979-60 277 136’084.65 400 414.4
Ursus ursinus ZMB_Mam_70510 290 149’294.55 270 279.72
Ursus ursinus ZMB_Mam_15579 309 169’713.40 300 310.8
Ursus ursinus ZMB_Mam_45074 301 160’954.94 300 310.8
Ursus ursinus ZMB_Mam_56748 301 160’954.94 270 279.72
Ursus ursinus ZMB_Mam_87142 304 164’211.90 300 310.8
Ursus ursinus ZMB_Mam_13384 285 144’140.70 280 290.08
Ursus ursinus ZMUZH 13260 267 126’343.45 300 310.8
Ursus ursinus NMBE 1042812 265 124’439.04 240 248.64
Ursus ursinus NMBE 1039369 277 136’084.65 260 269.36
Ursus ursinus ZAM 1025 (NBC) 295 154’539.84 320 331.52
Ursus ursinus ZMUZH 885 267 126’343.45 270 279.72
Ursus ursinus ZAM 20465 (NBC) 274 133’123.93 270 279.72
Ursus ursinus RN 2444 (NBC) 301 160’954.94 280 290.08
Ursus ursinus RN 2418 (NBC) 269 128’262.47 280 290.08
Ursus ursinus RN 345 (NBC) 292 151’381.69 250 259
Ursus ursinus MNHN 2006-559 321 183’290.59 340 352.24
Ursus ursinus MNHN 1883-59 267 126’343.45 270 279.72
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Additional file 2: Table S2. Data subset of brain volume estimates based on external measurements by 
Finarelli [74] and glass bead method. (XLSX 12 kb)
Species Cat No W (mm) L (mm) H (mm) Finarelli 2006 
(ml Brain Volume)
Glass Beads 
(ml Brain Volume)
Ursus malayanus NMBE 1042677 83 121 55 144 250
Ursus malayanus NMBE 1042684 87 133 57 163 250
Ursus malayanus NMBE 1042688 95 163 67 230 310
Ursus malayanus NMBE 1042689 88 144 56 166 260
Ursus malayanus NMBE 1042692 88 130 51 146 260
Ursus malayanus ZMUZH 10160 99 156 61 216 340
Ursus malayanus ZMUZH 10161 100 142 55 191 330
Ursus malayanus ZMUZH 13116 108 164 63 254 350
Ursus malayanus ZMUZH 13810 96 155 57 193 330
Ursus arctos NMBE 1030173 100 200 86 338 430
Ursus arctos NMBE 1030241 100 219 89 360 460
Ursus arctos NMBE 1042343 109 240 103 481 420
Ursus arctos NMBE 1042355 96 178 72 257 340
Ursus arctos NMBE 1042361 95 158 70 238 330
Ursus arctos NMBE 1042363 94 167 69 235 340
Ursus arctos NMBE 1042364 95 191 82 297 420
Ursus arctos NMBE 1042366 101 177 80 307 410
Ursus arctos NMBE 1042369 102 212 93 383 380
Ursus arctos NMBE 1042372 96 158 69 238 300
Ursus arctos NMBE 1042374 98 176 74 271 350
Ursus arctos NMBE 1042376 108 200 89 387 390
Ursus arctos NMBE 1042379 107 221 85 374 410
Ursus arctos NMBE 1042381 101 181 93 362 360
Ursus arctos NMBE 1042383 98 197 86 328 370
Ursus arctos NMBE 1042384 95 167 77 268 340
Ursus arctos NMBE 1042390 93 168 75 254 310
Ursus arctos NMBE 1042393 101 185 79 306 410
Ursus arctos NMBE 1042394 104 186 79 318 420
Ursus arctos NMBE 1042395 105 214 89 380 420
Ursus arctos NMBE 1042396 99 170 81 299 390
Ursus arctos NMBE 1042399 91 168 68 223 310
Ursus arctos NMBE 1042410 108 214 89 394 490
Ursus arctos NMBE 1042414 105 209 88 373 360
Ursus arctos NMBE 1042417 102 185 78 306 360
Ursus arctos NMBE 1042418 122 224 104 550 400
Ursus arctos NMBE 1042426 94 171 71 244 350
Ursus arctos NMBE 1042563 93 162 61 202 260
Ursus arctos NMBE 1047854 98 164 70 251 320
Ursus arctos NMBE 1054620 100 181 71 268 380
Ursus arctos NMBE 1054621 116 236 85 422 400
Ursus arctos ZMUZH 10158 105 193 80 330 370
Ursus arctos ZMUZH 10310 104 182 85 342 350
Ursus arctos syri-
acus
NMBE 1042413 100 218 91 368 370
Ursus spelaeus Drachenloch 1 118 268 111 594 450
Ursus spelaeus Drachenloch 10 112 228 93 440 370
Ursus spelaeus Drachenloch 11 108 217 92 410 350
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Ursus spelaeus Drachenloch 13 114 214 95 452 420
Ursus spelaeus Drachenloch 20 109 211 88 392 310
Ursus spelaeus Drachenloch 21 108 202 92 402 360
Ursus spelaeus Drachenloch 3 118 223 103 521 450
Ursus spelaeus Drachenloch 4 116 247 113 579 440
Ursus spelaeus Drachenloch No Nmb 111 232 110 523 410
Ursus spelaeus Petralona, PEC 1000 131 285 113 703 550
Ursus spelaeus Zoolithenhöhle, MB. 
Ma. 1998
112 209 97 449 350
Ursus spelaeus Zoolithenhöhle, MB. 
Ma. 5017
120 233 105 550 450
Ursus spelaeus Zoolithenhöhle, MB. 
Ma. 5020
118 254 110 579 460
Ursus spelaeus Zoolithenhöhle, MB. 
Ma. 5022
110 221 104 480 350
Ursus spelaeus Zoolithenhöhle?, MB. 
Ma. 2029
110 218 96 439 350
Additional file 3: Supplementary Information. Results for different linear models and corresponding 
graphical output as well as boxplot on residuals based on PGLS with all species. (PDF 658 kb)
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Supplementary Information: The effect of body size evolution and ecology on 
encephalization in cave bears and extant relatives (Kristof Veitschegger) 
 
Supplementary Table 4: Results of the different linear models investigated in this study. 
Model Intercept Std. Error t p Slope 
Std. 
Error t p 
multiple 
R2 
adjusted 
R2 
OLS 
(individual datapoints) 0.6268 0.0946 6.6250 <0.0001 0.3716 0.0180 20.6070 <0.0001 0.5088 0.5076 
OLS 
(individual datapoints), 
without Ursus malayanus 
and Ursus spelaeus 
-1.6605 0.1274 -13.0400 <0.0001 0.8113 0.0245 33.1700 <0.0001 0.8089 0.8081 
PGLS 0.2462 0.7039 0.3498 0.7368 0.4398 0.1370 3.2108 0.0148 0.5956 0.5378 
PGLS, 
without Ursus malayanus 
and Ursus spelaeus 
-1.5100 0.6477 -2.3314 0.0671 0.7807 0.1266 6.1678 0.0016 0.8838 0.8606 
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Supplementary Figure 1: Scatterplot of log10 brain mass (g) against log10 body mass (g) 
with a LOESS curve (local polynomial regression). Note that Ursus malayanus and Ursus 
spelaeus heavily skew the line in opposite directions, thus introducing bias to the linear 
model. Other bear species fall on one line. 
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Supplementary Figure 2: Scatterplot of log10 brain mass (g) against log10 body mass (g) 
with a OLS regression lines (ordinary least squares). In black is the OLS regression line for 
all data points, in red the OLS regression line without Ursus malayanus and Ursus spelaeus. 
(details in Supplementary Table 4) 
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Supplementary Figure 3: Scatterplot of log10 brain mass (g) against log10 body mass (g) 
with OLS regression lines (ordinary least squares) for each species. 
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Supplementary Table 5: Slopes and intercepts based on OLS for all bear species as 
presented in Supplementary Figure 3. 
Model Intercept 
Std. 
Error t p Slope 
Std. 
Error t p 
multiple 
R2 
adjusted 
R2 
Ailuropoda 
melanoleuca 1.1051 3.8413 0.2880 0.7920 0.2646 0.7572 0.3490 0.7500 0.0391 -0.2812 
Tremarctos 
ornatus -0.9296 0.7951 -1.1690 0.2867 0.6699 0.1622 4.1300 0.0061 0.7398 0.6965 
Ursus 
americanus -0.9378 0.5494 -1.7070 0.0997 0.6603 0.1085 6.0850 <0.0001 0.5875 0.5716 
Ursus arctos  -0.5754 0.2382 -2.4160 0.0177 0.6008 0.0455 13.2160 <0.0001 0.6575 0.6537 
Ursus 
malayanus -0.6836 0.3712 -1.8420 0.0717 0.6541 0.0756 8.6520 <0.0001 0.6093 0.6012 
Ursus maritimus -0.2354 0.2416 -0.9740 0.3330 0.5510 0.0454 12.1300 <0.0001 0.6478 0.6434 
Ursus spelaeus -0.0146 0.2652 -0.0550 0.9560 0.4807 0.0482 9.9750 <0.0001 0.5064 0.5013 
Ursus thibetanus -0.1497 0.6304 -0.2370 0.8141 0.5143 0.1249 4.1180 0.0003 0.3858 0.3630 
Ursus ursinus 0.2687 0.7664 0.3510 0.7308 0.4252 0.1484 2.8650 0.0118 0.3537 0.3106 
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Supplementary Figure 4: Distribution of residuals based on PGLS (phylogenetic generalized 
least squares) on all species. Note the higher values for Ursus spelaeus compared to the 
main analysis. 
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Additional file 4: Table S3. Additional results for slope and intercept pairwise comparisons. (XLSX 31 kb)
Comparison slopes based on Ailuropoda melanoleuca
log10brain_mass(g)~log10body_mass(g)*Species Estimate Std. Error t-value p-value
(Intercept) 1.105 2.556 0.432 0.666
log10body_mass(g) 0.265 0.504 0.525 0.600
Tremarctos ornatus -2.035 2.722 -0.747 0.455
Ursus americanus -2.043 2.607 -0.784 0.434
Ursus arctos -1.681 2.566 -0.655 0.513
Ursus malayanus -1.789 2.583 -0.693 0.489
Ursus maritimus -1.341 2.579 -0.520 0.603
Ursus spelaeus -1.120 2.571 -0.435 0.663
Ursus thibetanus -1.255 2.596 -0.483 0.629
Ursus ursinus -0.836 2.727 -0.307 0.759
log10body_mass(g):Tremarctos ornatus 0.405 0.539 0.752 0.452
log10body_mass(g):Ursus americanus 0.396 0.514 0.770 0.442
log10body_mass(g):Ursus arctos 0.336 0.506 0.665 0.507
log10body_mass(g):Ursus malayanus 0.390 0.509 0.765 0.445
log10body_mass(g):Ursus maritimus 0.286 0.508 0.564 0.573
log10body_mass(g):Ursus spelaeus 0.216 0.506 0.427 0.670
log10body_mass(g):Ursus thibetanus 0.250 0.512 0.488 0.626
log10body_mass(g):Ursus ursinus 0.161 0.536 0.299 0.765
Comparison intercepts based on Ailuropoda melanoleuca
log10brain_mass(g)~log10body_mass(g)+Species Estimate Std. Error t-value p-value
(Intercept) -0.420 0.124 -3.376 0.001
log10body_mass(g) 0.565 0.024 23.282 <0.0001
Tremarctos ornatus 0.003 0.023 0.148 0.882
Ursus americanus -0.037 0.019 -1.927 0.055
Ursus arctos 0.031 0.018 1.664 0.097
Ursus malayanus 0.173 0.019 9.187 <0.0001
Ursus maritimus 0.109 0.019 5.715 <0.0001
Ursus spelaeus -0.060 0.021 -2.875 0.004
Ursus thibetanus 0.013 0.019 0.682 0.496
Ursus ursinus -0.035 0.020 -1.731 0.084
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Comparison slopes based on Tremarctos ornatus
log10brain_mass(g)~log10body_mass(g)*Species Estimate Std. Error t-value p-value
(Intercept) -0.930 0.935 -0.994 0.321
log10body_mass(g) 0.670 0.191 3.511 0.001
Ailuropoda melanoleuca 2.035 2.722 0.747 0.455
Ursus americanus -0.008 1.066 -0.008 0.994
Ursus arctos 0.354 0.960 0.369 0.712
Ursus malayanus 0.246 1.005 0.245 0.807
Ursus maritimus 0.694 0.994 0.698 0.486
Ursus spelaeus 0.915 0.975 0.938 0.349
Ursus thibetanus 0.780 1.040 0.750 0.454
Ursus ursinus 1.198 1.333 0.899 0.369
log10body_mass(g):Ailuropoda melanoleuca -0.405 0.539 -0.752 0.452
log10body_mass(g):Ursus americanus -0.010 0.216 -0.044 0.965
log10body_mass(g):Ursus arctos -0.069 0.195 -0.354 0.723
log10body_mass(g):Ursus malayanus -0.016 0.205 -0.077 0.939
log10body_mass(g):Ursus maritimus -0.119 0.201 -0.592 0.554
log10body_mass(g):Ursus spelaeus -0.189 0.197 -0.959 0.338
log10body_mass(g):Ursus thibetanus -0.156 0.211 -0.738 0.461
log10body_mass(g):Ursus ursinus -0.245 0.265 -0.924 0.356
Comparison intercepts based on Tremarctos ornatus
log10brain_mass(g)~log10body_mass(g)+Species Estimate Std. Error t-value p-value
(Intercept) -0.417 0.120 -3.477 0.001
log10body_mass(g) 0.565 0.024 23.282 <0.0001
Ailuropoda melanoleuca -0.003 0.023 -0.148 0.882
Ursus americanus -0.040 0.016 -2.473 0.014
Ursus arctos 0.027 0.017 1.646 0.101
Ursus malayanus 0.169 0.015 11.350 <0.0001
Ursus maritimus 0.105 0.018 5.947 <0.0001
Ursus spelaeus -0.063 0.020 -3.077 0.002
Ursus thibetanus 0.010 0.016 0.598 0.550
Ursus ursinus -0.038 0.018 -2.119 0.035
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Comparison slopes based on Ursus americanus
log10brain_mass(g)~log10body_mass(g)*Species Estimate Std. Error t-value p-value
(Intercept) -0.938 0.512 -1.833 0.068
log10body_mass(g) 0.660 0.101 6.535 <0.0001
Ailuropoda melanoleuca 2.043 2.607 0.784 0.434
Tremarctos ornatus 0.008 1.066 0.008 0.994
Ursus arctos 0.362 0.555 0.652 0.515
Ursus malayanus 0.254 0.630 0.404 0.687
Ursus maritimus 0.702 0.613 1.146 0.252
Ursus spelaeus 0.923 0.581 1.589 0.113
Ursus thibetanus 0.788 0.684 1.152 0.250
Ursus ursinus 1.206 1.079 1.119 0.264
log10body_mass(g):Ailuropoda melanoleuca -0.396 0.514 -0.770 0.442
log10body_mass(g):Tremarctos ornatus 0.010 0.216 0.044 0.965
log10body_mass(g):Ursus arctos -0.060 0.109 -0.545 0.586
log10body_mass(g):Ursus malayanus -0.006 0.126 -0.049 0.961
log10body_mass(g):Ursus maritimus -0.109 0.119 -0.917 0.360
log10body_mass(g):Ursus spelaeus -0.180 0.113 -1.592 0.112
log10body_mass(g):Ursus thibetanus -0.146 0.135 -1.080 0.281
log10body_mass(g):Ursus ursinus -0.235 0.210 -1.121 0.263
Comparison intercepts based on Ursus americanus
log10brain_mass(g)~log10body_mass(g)+Species Estimate Std. Error t-value p-value
(Intercept) -0.457 0.123 -3.708 0.000
log10body_mass(g) 0.565 0.024 23.282 <0.0001
Ailuropoda melanoleuca 0.037 0.019 1.927 0.055
Tremarctos ornatus 0.040 0.016 2.473 0.014
Ursus arctos 0.067 0.009 7.112 <0.0001
Ursus malayanus 0.209 0.010 21.009 <0.0001
Ursus maritimus 0.145 0.011 13.699 <0.0001
Ursus spelaeus -0.023 0.014 -1.698 0.090
Ursus thibetanus 0.050 0.010 4.776 <0.0001
Ursus ursinus 0.002 0.012 0.158 0.875
71
Chapter II: Supplementary Information
Comparison slopes based on Ursus americanus
log10brain_mass(g)~log10body_mass(g)*Species Estimate Std. Error t-value p-value
(Intercept) -0.938 0.512 -1.833 0.068
log10body_mass(g) 0.660 0.101 6.535 <0.0001
Ailuropoda melanoleuca 2.043 2.607 0.784 0.434
Tremarctos ornatus 0.008 1.066 0.008 0.994
Ursus arctos 0.362 0.555 0.652 0.515
Ursus malayanus 0.254 0.630 0.404 0.687
Ursus maritimus 0.702 0.613 1.146 0.252
Ursus spelaeus 0.923 0.581 1.589 0.113
Ursus thibetanus 0.788 0.684 1.152 0.250
Ursus ursinus 1.206 1.079 1.119 0.264
log10body_mass(g):Ailuropoda melanoleuca -0.396 0.514 -0.770 0.442
log10body_mass(g):Tremarctos ornatus 0.010 0.216 0.044 0.965
log10body_mass(g):Ursus arctos -0.060 0.109 -0.545 0.586
log10body_mass(g):Ursus malayanus -0.006 0.126 -0.049 0.961
log10body_mass(g):Ursus maritimus -0.109 0.119 -0.917 0.360
log10body_mass(g):Ursus spelaeus -0.180 0.113 -1.592 0.112
log10body_mass(g):Ursus thibetanus -0.146 0.135 -1.080 0.281
log10body_mass(g):Ursus ursinus -0.235 0.210 -1.121 0.263
Comparison intercepts based on Ursus americanus
log10brain_mass(g)~log10body_mass(g)+Species Estimate Std. Error t-value p-value
(Intercept) -0.457 0.123 -3.708 0.000
log10body_mass(g) 0.565 0.024 23.282 <0.0001
Ailuropoda melanoleuca 0.037 0.019 1.927 0.055
Tremarctos ornatus 0.040 0.016 2.473 0.014
Ursus arctos 0.067 0.009 7.112 <0.0001
Ursus malayanus 0.209 0.010 21.009 <0.0001
Ursus maritimus 0.145 0.011 13.699 <0.0001
Ursus spelaeus -0.023 0.014 -1.698 0.090
Ursus thibetanus 0.050 0.010 4.776 <0.0001
Ursus ursinus 0.002 0.012 0.158 0.875
Comparison slopes based on Ursus arctos
log10brain_mass(g)~log10body_mass(g)*Species Estimate Std. Error t-value p-value
(Intercept) -0.5754 0.2166 -2.6570 0.0082
log10body_mass(g) 0.6008 0.0413 14.5330 <0.0001
Ailuropoda melanoleuca 1.6805 2.5655 0.6550 0.5128
Tremarctos ornatus -0.3542 0.9601 -0.3690 0.7124
Ursus americanus -0.3624 0.5555 -0.6520 0.5145
Ursus malayanus -0.1082 0.4261 -0.2540 0.7997
Ursus maritimus 0.3400 0.4007 0.8480 0.3967
Ursus spelaeus 0.5608 0.3505 1.6000 0.1104
Ursus thibetanus 0.4257 0.5030 0.8460 0.3979
Ursus ursinus 0.8441 0.9740 0.8670 0.3867
log10body_mass(g):Ailuropoda melanoleuca -0.3362 0.5056 -0.6650 0.5065
log10body_mass(g):Tremarctos ornatus 0.0691 0.1952 0.3540 0.7235
log10body_mass(g):Ursus americanus 0.0595 0.1092 0.5450 0.5858
log10body_mass(g):Ursus malayanus 0.0533 0.0854 0.6240 0.5328
log10body_mass(g):Ursus maritimus -0.0498 0.0757 -0.6580 0.5108
log10body_mass(g):Ursus spelaeus -0.1200 0.0649 -1.8480 0.0653
log10body_mass(g):Ursus thibetanus -0.0865 0.0990 -0.8740 0.3827
log10body_mass(g):Ursus ursinus -0.1756 0.1885 -0.9320 0.3521
Comparison intercepts based on Ursus arctos
log10brain_mass(g)~log10body_mass(g)+Species Estimate Std. Error t-value p-value
(Intercept) -0.3893 0.1272 -3.0600 0.0024
log10body_mass(g) 0.5652 0.0243 23.2820 <0.0001
Ailuropoda melanoleuca -0.0306 0.0184 -1.6640 0.0969
Tremarctos ornatus -0.0273 0.0166 -1.6460 0.1006
Ursus americanus -0.0672 0.0095 -7.1120 <0.0001
Ursus malayanus 0.1419 0.0105 13.4780 <0.0001
Ursus maritimus 0.0779 0.0062 12.4760 <0.0001
Ursus spelaeus -0.0903 0.0085 -10.576 <0.0001
Ursus thibetanus -0.0177 0.0095 -1.8570 0.0640
Ursus ursinus -0.0653 0.0105 -6.2330 <0.0001
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Comparison slopes based on Ursus malayanus
log10brain_mass(g)~log10body_mass(g)*Species Estimate Std. Error t-value p-value
(Intercept) -0.684 0.367 -1.863 0.063
log10body_mass(g) 0.654 0.075 8.753 <0.0001
Ailuropoda melanoleuca 1.789 2.583 0.693 0.489
Tremarctos ornatus -0.246 1.005 -0.245 0.807
Ursus americanus -0.254 0.630 -0.404 0.687
Ursus arctos 0.108 0.426 0.254 0.800
Ursus maritimus 0.448 0.498 0.899 0.369
Ursus spelaeus 0.669 0.459 1.458 0.146
Ursus thibetanus 0.534 0.584 0.915 0.361
Ursus ursinus 0.952 1.018 0.935 0.350
log10body_mass(g):Ailuropoda melanoleuca -0.389 0.509 -0.765 0.445
log10body_mass(g):Tremarctos ornatus 0.016 0.205 0.077 0.939
log10body_mass(g):Ursus americanus 0.006 0.126 0.049 0.961
log10body_mass(g):Ursus arctos -0.053 0.085 -0.624 0.533
log10body_mass(g):Ursus maritimus -0.103 0.098 -1.052 0.293
log10body_mass(g):Ursus spelaeus -0.173 0.090 -1.927 0.055
log10body_mass(g):Ursus thibetanus -0.140 0.117 -1.196 0.233
log10body_mass(g):Ursus ursinus -0.229 0.198 -1.153 0.250
Comparison intercepts based on Ursus malayanus
log10brain_mass(g)~log10body_mass(g)+Species Estimate Std. Error t-value p-value
(Intercept) -0.247 0.119 -2.074 0.039
log10body_mass(g) 0.565 0.024 23.282 <0.0001
Ailuropoda melanoleuca -0.173 0.019 -9.187 <0.0001
Tremarctos ornatus -0.169 0.015 -11.350 <0.0001
Ursus americanus -0.209 0.010 -21.009 <0.0001
Ursus arctos -0.142 0.011 -13.478 <0.0001
Ursus maritimus -0.064 0.012 -5.251 <0.0001
Ursus spelaeus -0.232 0.016 -14.599 <0.0001
Ursus thibetanus -0.160 0.010 -16.407 <0.0001
Ursus ursinus -0.207 0.013 -16.431 <0.0001
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Comparison slopes based on Ursus maritimus
log10brain_mass(g)~log10body_mass(g)*Species Estimate Std. Error t-value p-value
(Intercept) -0.235 0.337 -0.698 0.485
log10body_mass(g) 0.551 0.063 8.693 <0.0001
Ailuropoda melanoleuca 1.341 2.579 0.520 0.603
Tremarctos ornatus -0.694 0.994 -0.698 0.486
Ursus americanus -0.702 0.613 -1.146 0.252
Ursus arctos -0.340 0.401 -0.848 0.397
Ursus malayanus -0.448 0.498 -0.899 0.369
Ursus spelaeus 0.221 0.435 0.507 0.612
Ursus thibetanus 0.086 0.565 0.152 0.880
Ursus ursinus 0.504 1.008 0.500 0.617
log10body_mass(g):Ailuropoda melanoleuca -0.286 0.508 -0.564 0.573
log10body_mass(g):Tremarctos ornatus 0.119 0.201 0.592 0.554
log10body_mass(g):Ursus americanus 0.109 0.119 0.917 0.360
log10body_mass(g):Ursus arctos 0.050 0.076 0.658 0.511
log10body_mass(g):Ursus malayanus 0.103 0.098 1.052 0.293
log10body_mass(g):Ursus spelaeus -0.070 0.081 -0.869 0.385
log10body_mass(g):Ursus thibetanus -0.037 0.110 -0.334 0.739
log10body_mass(g):Ursus ursinus -0.126 0.194 -0.647 0.518
Comparison intercepts based on Ursus maritimus 
log10brain_mass(g)~log10body_mass(g)+Species Estimate Std. Error t-value p-value
(Intercept) -0.311 0.129 -2.410 0.016
log10body_mass(g) 0.565 0.024 23.282 <0.0001
Ailuropoda melanoleuca -0.109 0.019 -5.715 <0.0001
Tremarctos ornatus -0.105 0.018 -5.947 <0.0001
Ursus americanus -0.145 0.011 -13.699 <0.0001
Ursus arctos -0.078 0.006 -12.476 <0.0001
Ursus malayanus 0.064 0.012 5.251 <0.0001
Ursus spelaeus -0.168 0.007 -22.940 <0.0001
Ursus thibetanus -0.096 0.011 -8.911 <0.0001
Ursus ursinus -0.143 0.011 -12.919 <0.0001
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Comparison slopes based on Ursus spelaeus
log10brain_mass(g)~log10body_mass(g)*Species Estimate Std. Error t-value p-value
(Intercept) -0.015 0.276 -0.053 0.958
log10body_mass(g) 0.481 0.050 9.598 <0.0001
Ailuropoda melanoleuca 1.120 2.571 0.435 0.663
Tremarctos ornatus -0.915 0.975 -0.938 0.349
Ursus americanus -0.923 0.581 -1.589 0.113
Ursus arctos -0.561 0.351 -1.600 0.110
Ursus malayanus -0.669 0.459 -1.458 0.146
Ursus maritimus -0.221 0.435 -0.507 0.612
Ursus thibetanus -0.135 0.531 -0.254 0.799
Ursus ursinus 0.283 0.989 0.286 0.775
log10body_mass(g):Ailuropoda melanoleuca -0.216 0.506 -0.427 0.670
log10body_mass(g):Tremarctos ornatus 0.189 0.197 0.959 0.338
log10body_mass(g):Ursus americanus 0.180 0.113 1.592 0.112
log10body_mass(g):Ursus arctos 0.120 0.065 1.848 0.065
log10body_mass(g):Ursus malayanus 0.173 0.090 1.927 0.055
log10body_mass(g):Ursus maritimus 0.070 0.081 0.869 0.385
log10body_mass(g):Ursus thibetanus 0.034 0.103 0.326 0.745
log10body_mass(g):Ursus ursinus -0.056 0.191 -0.291 0.771
Comparison intercepts based on Ursus spelaeus
log10brain_mass(g)~log10body_mass(g)+Species Estimate Std. Error t-value p-value
(Intercept) -0.480 0.134 -3.589 0.000
log10body_mass(g) 0.565 0.024 23.282 <0.0001
Ailuropoda melanoleuca 0.060 0.021 2.875 0.004
Tremarctos ornatus 0.063 0.020 3.077 0.002
Ursus americanus 0.023 0.014 1.698 0.090
Ursus arctos 0.090 0.009 10.576 <0.0001
Ursus malayanus 0.232 0.016 14.599 <0.0001
Ursus maritimus 0.168 0.007 22.940 <0.0001
Ursus thibetanus 0.073 0.014 5.263 <0.0001
Ursus ursinus 0.025 0.013 1.900 0.058
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Comparison slopes based on Ursus thibetanus
log10brain_mass(g)~log10body_mass(g)*Species Estimate Std. Error t-value p-value
(Intercept) -0.150 0.454 -0.330 0.742
log10body_mass(g) 0.514 0.090 5.718 <0.0001
Ailuropoda melanoleuca 1.255 2.596 0.483 0.629
Tremarctos ornatus -0.780 1.040 -0.750 0.454
Ursus americanus -0.788 0.684 -1.152 0.250
Ursus arctos -0.426 0.503 -0.846 0.398
Ursus malayanus -0.534 0.584 -0.915 0.361
Ursus maritimus -0.086 0.565 -0.152 0.880
Ursus spelaeus 0.135 0.531 0.254 0.799
Ursus ursinus 0.418 1.053 0.398 0.691
log10body_mass(g):Ailuropoda melanoleuca -0.250 0.512 -0.488 0.626
log10body_mass(g):Tremarctos ornatus 0.156 0.211 0.738 0.461
log10body_mass(g):Ursus americanus 0.146 0.135 1.080 0.281
log10body_mass(g):Ursus arctos 0.087 0.099 0.874 0.383
log10body_mass(g):Ursus malayanus 0.140 0.117 1.196 0.233
log10body_mass(g):Ursus maritimus 0.037 0.110 0.334 0.739
log10body_mass(g):Ursus spelaeus -0.034 0.103 -0.326 0.745
log10body_mass(g):Ursus ursinus -0.089 0.205 -0.435 0.664
Comparison intercepts based on Ursus thibetanus
log10brain_mass(g)~log10body_mass(g)+Species Estimate Std. Error t-value p-value
(Intercept) -0.407 0.123 -3.316 0.001
log10body_mass(g) 0.565 0.024 23.282 <0.0001
Ailuropoda melanoleuca -0.013 0.019 -0.682 0.496
Tremarctos ornatus -0.010 0.016 -0.598 0.550
Ursus americanus -0.050 0.010 -4.776 <0.0001
Ursus arctos 0.018 0.010 1.857 0.064
Ursus malayanus 0.160 0.010 16.407 <0.0001
Ursus maritimus 0.096 0.011 8.911 <0.0001
Ursus spelaeus -0.073 0.014 -5.263 <0.0001
Ursus ursinus -0.048 0.012 -3.874 0.000
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Comparison slopes based on Ursus ursinus
log10brain_mass(g)~log10body_mass(g)*Species Estimate Std. Error t-value p-value
(Intercept) 0.269 0.950 0.283 0.777
log10body_mass(g) 0.425 0.184 2.312 0.021
Ailuropoda melanoleuca 0.836 2.727 0.307 0.759
Tremarctos ornatus -1.198 1.333 -0.899 0.369
Ursus americanus -1.206 1.079 -1.119 0.264
Ursus arctos -0.844 0.974 -0.867 0.387
Ursus malayanus -0.952 1.018 -0.935 0.350
Ursus maritimus -0.504 1.008 -0.500 0.617
Ursus spelaeus -0.283 0.989 -0.286 0.775
Ursus thibetanus -0.418 1.053 -0.398 0.691
log10body_mass(g):Ailuropoda melanoleuca -0.161 0.536 -0.299 0.765
log10body_mass(g):Tremarctos ornatus 0.245 0.265 0.924 0.356
log10body_mass(g):Ursus americanus 0.235 0.210 1.121 0.263
log10body_mass(g):Ursus arctos 0.176 0.188 0.932 0.352
log10body_mass(g):Ursus malayanus 0.229 0.198 1.153 0.250
log10body_mass(g):Ursus maritimus 0.126 0.194 0.647 0.518
log10body_mass(g):Ursus spelaeus 0.056 0.191 0.291 0.771
log10body_mass(g):Ursus thibetanus 0.089 0.205 0.435 0.664
Comparison intercepts based on Ursus ursinus 
log10brain_mass(g)~log10body_mass(g)+Species Estimate Std. Error t-value p-value
(Intercept) -0.455 0.126 -3.616 0.000
log10body_mass(g) 0.565 0.024 23.282 <0.0001
Ailuropoda melanoleuca 0.035 0.020 1.731 0.084
Tremarctos ornatus 0.038 0.018 2.119 0.035
Ursus americanus -0.002 0.012 -0.158 0.875
Ursus arctos 0.065 0.010 6.233 <0.0001
Ursus malayanus 0.207 0.013 16.431 <0.0001
Ursus maritimus 0.143 0.011 12.919 <0.0001
Ursus spelaeus -0.025 0.013 -1.900 0.058
Ursus thibetanus 0.048 0.012 3.874 0.000
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Comparison slopes based on Ursus ursinus
log10brain_mass(g)~log10body_mass(g)*Species Estimate Std. Error t-value p-value
(Intercept) 0.269 0.950 0.283 0.777
log10body_mass(g) 0.425 0.184 2.312 0.021
Ailuropoda melanoleuca 0.836 2.727 0.307 0.759
Tremarctos ornatus -1.198 1.333 -0.899 0.369
Ursus americanus -1.206 1.079 -1.119 0.264
Ursus arctos -0.844 0.974 -0.867 0.387
Ursus malayanus -0.952 1.018 -0.935 0.350
Ursus maritimus -0.504 1.008 -0.500 0.617
Ursus spelaeus -0.283 0.989 -0.286 0.775
Ursus thibetanus -0.418 1.053 -0.398 0.691
log10body_mass(g):Ailuropoda melanoleuca -0.161 0.536 -0.299 0.765
log10body_mass(g):Tremarctos ornatus 0.245 0.265 0.924 0.356
log10body_mass(g):Ursus americanus 0.235 0.210 1.121 0.263
log10body_mass(g):Ursus arctos 0.176 0.188 0.932 0.352
log10body_mass(g):Ursus malayanus 0.229 0.198 1.153 0.250
log10body_mass(g):Ursus maritimus 0.126 0.194 0.647 0.518
log10body_mass(g):Ursus spelaeus 0.056 0.191 0.291 0.771
log10body_mass(g):Ursus thibetanus 0.089 0.205 0.435 0.664
Comparison intercepts based on Ursus ursinus 
log10brain_mass(g)~log10body_mass(g)+Species Estimate Std. Error t-value p-value
(Intercept) -0.455 0.126 -3.616 0.000
log10body_mass(g) 0.565 0.024 23.282 <0.0001
Ailuropoda melanoleuca 0.035 0.020 1.731 0.084
Tremarctos ornatus 0.038 0.018 2.119 0.035
Ursus americanus -0.002 0.012 -0.158 0.875
Ursus arctos 0.065 0.010 6.233 <0.0001
Ursus malayanus 0.207 0.013 16.431 <0.0001
Ursus maritimus 0.143 0.011 12.919 <0.0001
Ursus spelaeus -0.025 0.013 -1.900 0.058
Ursus thibetanus 0.048 0.012 3.874 0.000
Additional file 5: Table S4. Node values for ancestral stage reconstructions. (XLSX 13 kb)
log10 Body mass (g) Derived Node Difference % Difference %
Ursus maritimus 2.70 2.62 102.80 2.80
Ursus arctos 2.57 2.62 98.08 -1.92
Ursus spelaeus 2.63 2.61 100.71 0.71
U.a+U.m 2.62 2.61 100.40 0.40
Ursus malayanus 2.53 2.50 100.98 0.98
U.a+U.t 2.48 2.50 98.89 -1.11
Ursus thibetanus 2.45 2.48 98.80 -1.20
Ursus americanus 2.41 2.48 97.15 -2.85
U.m+U.a+U.t 2.50 2.51 99.82 -0.18
U.a+U.m+U.s 2.61 2.51 104.14 4.14
U.m+U.a+U.t+U.a+U.m+U.s 2.51 2.49 100.60 0.60
Ursus ursinus 2.46 2.49 98.87 -1.13
U.m+U.a+U.t+U.a+U.m+U.s+U.u 2.49 2.44 102.05 2.05
Tremarctos ornatus 2.35 2.44 96.37 -3.63
U.m+U.a+U.t+U.a+U.m+U.s+U.u+T.o 2.44 2.44 99.98 -0.02
Ailuropoda melanoleuca 2.45 2.44 100.17 0.17
log10 Brain mass (g) Derived Node Difference % Difference %
Ursus maritimus 5.32 5.30 100.29 0.29
Ursus arctos 5.24 5.30 98.76 -1.24
Ursus spelaeus 5.50 5.33 103.29 3.29
U.a+U.m 5.30 5.33 99.57 -0.43
Ursus malayanus 4.91 5.11 96.09 -3.91
U.a+U.t 5.09 5.11 99.62 -0.38
Ursus thibetanus 5.05 5.09 99.16 -0.84
Ursus americanus 5.06 5.09 99.46 -0.54
U.m+U.a+U.t 5.11 5.12 99.75 -0.25
U.a+U.m+U.s 5.33 5.12 104.00 4.00
U.m+U.a+U.t+U.a+U.m+U.s 5.12 5.12 100.03 0.03
Ursus ursinus 5.16 5.12 100.86 0.86
U.m+U.a+U.t+U.a+U.m+U.s+U.u 5.12 5.05 101.45 1.45
Tremarctos ornatus 4.90 5.05 97.12 -2.88
U.m+U.a+U.t+U.a+U.m+U.s+U.u+T.o 5.05 5.05 99.95 -0.05
Ailuropoda melanoleuca 5.07 5.05 100.46 0.46

Palaeohistology  and life history 
evolution in cave bears, Ursus 
spelaeus s.l.
chApter III
Kristof Veitschegger, Christian Kolb, Eli Amson, Torsten M. Scheyer, and Marcelo R. Sanchez-
Villagra (in preparation)
Author Contributions:
KV designed and conceived the study, prepared thin sections, collected the data, performed the analyses, 
prepared the figures and tables, and wrote and reviewed the manuscript.
EA designed and conceived the study and prepared thin sections
CK designed and conceived the study, prepared thin sections, and reviewed the manuscript.
MRSV and TMS designed and conceived the study and reviewed the manuscript.

81
Chapter III
Palaeohistology and life history evolution in cave bears, Ursus spe-
laeus s.l.
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Abstract
The microstructure of cave bear bones has not received much attention despite its po-
tential to provide crucial information on the biology and life history of this extinct ani-
mal. The histological study of 62 femora from 23 different European localities revealed 
a microstructure characterized by a fibrolamellar complex with an increasing amount of 
parallel-fibered and lamellar bone towards the outer cortex. Secondary remodelling of 
the primary bone tissue initially occurs close to the perimedullary margin of the bone 
cortex around the linea aspera of the femur. In general, a similar histology can be ob-
served in extant bear species. However, secondary remodelling and the composition of 
the fibrolamellar complex vary greatly. Cave bears grew at a considerably fast pace and 
reached skeletal maturity between the age of 11 to 14, which is late compared to most 
other bear species. The sampling included cave bear bones from localities at different 
altitudes. There is a significant correlation between altitude and growth speed. Based on 
the reconstructed growth rates, life history theory suggests that cave bears had small 
offspring and large litter sizes.
Keywords: ontogeny, femora, growth rate, altitude, Ursus arctos
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Introduction
During the Pleistocene, Eurasia was 
home to many large sized mammals, 
commonly referred to as megafauna [1, 
2]. A prominent member of this megafau-
na was the cave bear, Ursus spelaeus, 
one of the most commonly found Pleis-
tocene mammals [3]. Specimens of this 
species were recovered in numerous 
Eurasian localities ranging from Spain to 
Russia [4]. The closest living relatives of 
U. spelaeus are the brown bear, U. arc-
tos and the polar bear, U. maritimus. The 
lineage of cave bears split between 2.75 
and 1.4 Ma years from the aforemen-
tioned two taxa and, early on, underwent 
a dietary change towards herbivory [5-
7]. The hypothesized ancestral species 
of cave bears, U. deningeri [3, 8], had a 
herbivorous diet [3, 9]. Molecular studies 
have shown that several distinct haplo-
type groups of cave bears are recognisa-
ble [10-12]. Some authors suggest giving 
species and subspecies status to some of 
those, [13] but it remains unclear if spe-
cies status can be assigned to those cave 
bear haplotypes [4]. As this is not com-
pletely resolved yet, we use U. spelaeus 
sensu lato here, including U. ingressus, 
U. s. eremus, and U. s. ladinicus. 
Cave bears hibernated during Pleistocene 
winters and therefore spent a considera-
ble amount of the year inactive [14]. Non-
hibernating mammals risk losing balance 
of bone resorption and formation in favour 
of resorption when being inactive for ex-
tended periods, which leads to extensive 
loss of bone minerals in short time [15]. 
In extant hibernating bears, however, the 
balance between resorption and forma-
tion is not affected by extended inactive 
periods but cortical bone turnover rate is 
lower [16, 17]. The cortical bone geom-
etry and strength of the femoral midshaft 
remain unchanged [17].
Bone histology of extinct mammals has 
gained an increased interest in recent 
years, as details found in thin sections 
provide insights into the life history of ex-
tinct animals [18-23]. These works focus 
on the growth of different mammalian spe-
cies by investigating the deposition of dif-
ferent bone tissue types and/or by meas-
uring growth cycles, i.e. by measuring the 
distance between lines of arrested growth 
(LAGs) or growth annuli [24]. According to 
Amprino’s rule, different bone tissue types 
are produced in varying speed [25]. The 
fastest tissue to be produced is so-called 
woven-fibered bone, followed by parallel-
fibered and lamellar bone [26, 27]. Be-
sides these three, fibrolamellar complex 
is found in mammals. Here, initially highly 
vascularised woven-fibered scaffolding 
is deposited. In a later stage, the mostly 
reticular or plexiform vascular canals are 
filled with parallel-fibered and lamellar 
bone [27]. Recently, the term fibrolamel-
lar complex has come under scrutiny as 
it does not provide detailed information 
about formation or structure of primary 
bone tissue [28]. Nonetheless, we contin-
ue using fibrolamellar complex to ensure 
comparability to previous studies [23]. A 
LAG is a thin opaque or translucent, cir-
cumferential line of compact bone and in-
dicates a cessation of growth [24, 27]. In 
recent years, evidence has accumulated 
that the formation of LAGs follows a year-
ly pattern and that it is independent from 
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climate or metabolic rate [20, 27, 29-32]. 
Here, we investigate the histology and 
growth of cave bears and compare them 
to those of extant bear species. Based on 
comprehensive sampling, we examined 
the variation in growth in the context of 
geographic location and altitude.
Material and Methods
We investigated 62 femora of cave bears 
from 23 different localities (Table 1), as 
well as specimens of one other extinct 
and of five extant species of the genus 
Ursus. U. deningeri is represented by 
three femora. The sampled femora of ex-
tant bear species are those of U. ameri-
canus (two), U. arctos (six), U. maritimus 
(two), U. malayanus (one), and U. ursi-
nus (one). For U. spelaeus and U. arctos, 
ontogenetic series were examined and 
in case of U. arctos the approximate age 
of three individuals was known (Table 1). 
The preparation of the thin sections fol-
lowed standard procedures [19, 22, 33]. 
The midshaft of the femur was chosen, 
as it preserves the most information 
about growth [19, 34]. Growth rates were 
reconstructed by measuring the distance 
between consecutive LAGs. The histolo-
gy of the bones was observed under nor-
mal transmitted or cross-polarized light 
using a Leica DM 2500 M composite mi-
croscope. Often, histological details were 
more pronounced using a lambda com-
pensator. Pictures were taken using a 
Leica DFC 420 C digital camera. Growth 
zones were measured using Leica IM 50 
Image Manager software.
For statistical assessment of the results, 
measurements were acquired on the me-
dial part of the femur. The medial part of 
the bone was chosen because it exhib-
its the clearest signal (Figure 1). The re-
spective measurements among growth 
zones 2 to 5 were averaged to compare 
the growth speed and evenness among 
species, as these were the common ones 
to all species. After growth zone five the 
outer circumferential layer (OCL) is de-
posited in U. malayanus. For the com-
parison of growth speed and evenness 
among different localities, growth zones 2 
to 7 were averaged, because these were 
found in all samples. Growth evenness 
was compared by using standard devia-
tion. We analyzed whether growth speed 
was correlated with altitude using Ken-
dal’s Tau. Statistical analyses were per-
formed in R, version 3.2.3 [35] using the 
packages ggplot2 [36] and Kendall [37].
Following institutions provided material 
for sampling: Aristotle University of Thes-
saloniki - School of Geology (AUTH), Biol-
ogiezentrum Linz (BZL), Canadian Muse-
um of Nature (CMN), Finnish Museum of 
Natural History (MZH), Institut für Paläon-
tologie Universität Erlangen (IPUE), In-
stitut für Paläontologie Universität Wien 
(PIUW), Museum für Naturkunde Berlin 
(MfN), Muséum national d’Histoire na-
turelle (MNHN), Naturhistorisches Mu-
seum Basel (NMB), Naturhistorisches 
Museum Wien (NHM), Naturmuseum 
Südtirol Bozen (PZO), Naturmuseum 
St. Gallen (NMSG), Paläontologische 
Sammlung der Universität Tübingen 
(GPIT), and Swedish Museum of Natural 
History (SMNH).
Results
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Species Ontogenetic Stage Locality Collection Number
Ursus americanus adult - CMN 41055
Ursus americanus adult - MNHN 1930-208
Ursus arctos senile - MNHN 1904-244
Ursus arctos adult - MZH KN 1358
Ursus arctos juvenile (<1 y) Sweden SMNH 2016-5132
Ursus arctos subadult Sweden SMNH 2016-5131
Ursus arctos adult (12-15 y) Sweden SMNH 2016-5025
Ursus arctos adult (8-10 y) Sweden SMNH 2015-5706
Ursus deningeri adult Herkova Jama, Slovenia HJ 95 (PIUW)
Ursus deningeri juvenile Herkova Jama, Slovenia HJ 151 (PIUW)
Ursus deningeri juvenile Herkova Jama, Slovenia HJ 116 (PIUW)
Ursus malayanus adult - MNHN 1914-360
Ursus maritimus adult - MZH UN 2355
Ursus maritimus adult - MNHN 1835-85
Ursus spelaeus adult Arzberghöhle, Austria Arz 13 (PIUW)
Ursus spelaeus juvenile Arzberghöhle, Austria Arz 24 (PIUW)
Ursus spelaeus juvenile Arzberghöhle, Austria Arz 205 (PIUW)
Ursus spelaeus adult Brettsteinbärenhöhle, Austria BS F1 (PIUW)
Ursus spelaeus juvenile Brettsteinbärenhöhle, Austria BS 36 (PIUW)
Ursus spelaeus juvenile Brettsteinbärenhöhle, Austria BS 134 (PIUW)
Ursus spelaeus juvenile Brettsteinbärenhöhle, Austria BS 43 (PIUW)
Ursus spelaeus adult Conturines, Italy PZO 3852
Ursus spelaeus adult Conturines, Italy PZO 3853
Ursus spelaeus juvenile Conturines, Italy PZO 4142
Ursus spelaeus juvenile Conturines, Italy PZO 4161
Ursus spelaeus juvenile Conturines, Italy PZO 4175
Ursus spelaeus juvenile Conturines, Italy PZO 4199
Ursus spelaeus juvenile Conturines, Italy PZO 5136
Ursus spelaeus adult Peștera cu Oase, Romania CuO 7528-1 (PIUW)
Ursus spelaeus adult Peștera cu Oase, Romania CuO 7528-2 (PIUW)
Ursus spelaeus adult Peștera cu Oase, Romania CuO 7528-3 (PIUW)
Ursus spelaeus adult Drachenloch bei Vättis, Switzerland DR 35 (NMSG)
Ursus spelaeus adult Drachenloch bei Vättis, Switzerland Dl.III/IV (NMSG)
Ursus spelaeus adult Erpfinger Bärenhöhle, Germany GPIT.MA.157
Ursus spelaeus adult Erpfinger Bärenhöhle, Germany GPIT.MA.159
Ursus spelaeus adult Gamssulzenhöhle, Austria GS 26-116 (PIUW)
Ursus spelaeus adult Gamssulzenhöhle, Austria GS 129-24 (PIUW)
Ursus spelaeus juvenile Gamssulzenhöhle, Austria GS 51-4 (PIUW)
Ursus spelaeus adult Gondenans-les-Moulins, France NMB Jf.1120 (a)
Ursus spelaeus adult Gondenans-les-Moulins, France NMB Jf.1120 (b)
Ursus spelaeus adult Hermannshöhle, Germany MB.Ma.10881 (MfN)
Ursus spelaeus adult Hermannshöhle, Germany MB.Ma.10886 (MfN)
Ursus spelaeus juvenile Hermannshöhle, Germany MB.Ma.10846 (MfN)
Ursus spelaeus adult Križna Jama, Slovenia VIII-27-3 (NHM)
Ursus spelaeus adult Lettenmayerhöhle, Austria 45/1920 (BLZ)
Ursus spelaeus adult Lettenmayerhöhle, Austria 45/1920 - 11 (BLZ)
Ursus spelaeus senile Loutraki, Greece LAC 6277b (AUTH)
Ursus spelaeus juvenile Loutraki, Greece LAC 11402 (AUTH)
Ursus spelaeus adult Loutraki, Greece LAC 13046 (AUTH)
Table 1: Femora examined for this study.
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Skeletochronology
Ontogenic changes of bone histology
Femora of neonate cave bears exhibit a 
fibrolamellar complex with a high amount 
of woven-fibered bone tissue. In the pos-
terior part of the cortex high amounts 
of parallel-fibered bone are deposited. 
The vascularization is mostly longitudi-
nal and reticular and the parallel-fibered 
bone located posteriorly is less vascular-
ised. With increasing individual age, the 
amounts of parallel-fibered and lamellar 
bone within a fibrolamellar complex in-
creases while vascularization changes 
to predominantly laminar and plexiform 
arrangement. In the outer cortex of adult 
animals an avascular OCL is present. In 
many individuals, a narrow lamellar en-
dosteal layer and/or trabecular bone can 
be found. A varying amount of parallel-
fibered and lamellar bone is the most 
observed variation in histology among U. 
spelaeus femora (Supplementary Figures 
1 & 2). In senile animals a scarcely vas-
cularised mixture of woven-fibered and 
parallel-fibered bone is present. The few 
vascular canals are usually longitudinally 
arranged (Figure 2). Juvenile U. arctos 
exhibit a woven-fibered bone dominated 
fibrolamellar complex with plexiform and 
laminar vascularisation. In the innermost 
part of the cortex, a thin endosteal layer 
comprised of avascular, laminar bone 
Ursus spelaeus adult Merkensteinhöhle, Austria VII-34-3 (NHM)
Ursus spelaeus adult Peștera Onceasa, Romania OnC 7527-1 (PIUW)
Ursus spelaeus adult Peștera Onceasa, Romania OnC 7527-2 (PIUW)
Ursus spelaeus adult Peștera Onceasa, Romania OnC 7527-3 (PIUW)
Ursus spelaeus adult Petralona, Greece PEC 1183 (AUTH)
Ursus spelaeus adult Grotta Pocala, Italy VIII-19-2 (NHM)
Ursus spelaeus adult Ramesch Knochenhöhle, Austria RK 244 (BLZ)
Ursus spelaeus adult Ramesch Knochenhöhle, Austria RK 186 (BLZ)
Ursus spelaeus adult Ramesch Knochenhöhle, Austria RK 425 (BLZ)
Ursus spelaeus adult Schwabenreithhöhle, Austria SW 1596 (PIUW)
Ursus spelaeus juvenile Schwabenreithhöhle, Austria SW 1749 (PIUW)
Ursus spelaeus juvenile Schwabenreithhöhle, Austria SW 1838 (PIUW)
Ursus spelaeus juvenile Sloupsko-Šošůvské, Czech Republic VIII-57-5 (a) (NHM)
Ursus spelaeus adult Sloupsko-Šošůvské, Czech Republic VIII-57-5 (b) (NHM)
Ursus spelaeus adult Výpustek, Czech Republic IX-11-7 (a) (NHM)
Ursus spelaeus adult Výpustek, Czech Republic IX-11-7 (b) (NHM)
Ursus spelaeus adult Wildkirchli, Switzerland WK (NMSG)
Ursus spelaeus adult Windener Bärenhöhle, Austria Wi 56 (PIUW)
Ursus spelaeus adult Windener Bärenhöhle, Austria Wi 59 (PIUW)
Ursus spelaeus adult Windener Bärenhöhle, Austria Wi 65 (PIUW)
Ursus spelaeus adult Zoolithenhöhle, Germany BK 400 (IPUE)
Ursus spelaeus adult Zoolithenhöhle, Germany BK 401 (IPUE)
Ursus spelaeus adult Zoolithenhöhle, Germany BK 402 (IPUE)
Ursus spelaeus adult Zoolithenhöhle, Germany BK 403 (IPUE)
Ursus spelaeus adult Zoolithenhöhle, Germany SCH-1242 (IPUE)
Ursus spelaeus adult Zoolithenhöhle, Germany SCH-1243 (IPUE)
Ursus spelaeus adult Zoolithenhöhle, Germany SCH-1244 (IPUE)
Ursus ursinus adult - MNHN 1879-307
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can be distinguished. Older animals ex-
hibit a fibrolamellar complex with a higher 
amount of parallel-fibered bone in the 
outer parts of the cortex. The vascularisa-
tion is laminar and plexiform. The overall 
change in histology from the inner to the 
outer part of the cortex is not very distinct. 
An endosteal layer and OCL are present 
(Figure 2, Figure 3).
The femora of U. deningeri exhibit a fibrola-
mellar complex with increasing amounts 
of parallel-fibered bone towards the outer 
surface of the cortex. The vascularization 
is primarily laminar and plexiform (Figure 
3). U. americanus exhibits in the inner part 
of the cortex a fibrolamellar complex with 
a high amount of woven-fibered bone and 
plexiform as well as laminar vascularisa-
tion. Towards the outer cortex the amount 
of parallel-fibered bone increases. A thin, 
avascular inner and prominent outer cir-
cumferential layer can be distinguished 
Figure 1. Bone histology of the different parts of the midshaft of cave bear femur MB.Ma.10886 (MfN). 
White arrow heads indicate LAGs. Note the Haversian bone tissue posteriorly, the distribution of LAGs, 
and the almost complete resorbtion of the innermost LAG laterally. (Scale bars: 2mm)
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(Figure 3). Femora of adult U. maritimus 
exhibit a fibrolamellar complex with high 
amounts of parallel-fibered and lamellar 
bone as primary tissue. In the outer lay-
er of the cortex a prominent OCL is pre-
sent (Figure 4). The bone of U. ursinus 
exhibits a very narrow medullary cavity, 
as also depicted by Mátyás [38]. Overall, 
histology in U. ursinus varies between 
the anterior, medial, posterior, and lateral 
portion of the femoral cortex. The ante-
rior part of the bone exhibits a matrix of 
woven-fibered and parallel-fibered bone 
with mostly longitudinal and reticular vas-
Figure 2: Ontogenetic change of bone histology in the medial part of the femur midshaft of Ursus spelaeus 
and Ursus arctos (pictures under cross-polarized light with lambda compensator). White arrow heads 
indicate LAGs and red arrow heads LAGs of the OCL. Please note that the red arrow heads in the adult 
Ursus spelaeus are flipped. Juvenile Ursus spelaeus PZO 5136 (Scale bar: 0.5 mm), subadult Ursus 
spelaeus MB.Ma.10881 (MfN) (Scale bar: 2 mm), adult Ursus spelaeus PEC 1183 (AUTH) (Scale bar: 2 
mm), senile Ursus spelaeus LAC 6277b (AUTH) (Scale bar: 2 mm), juvenile Ursus arctos SMNH 2016-
5132 (Scale bar: 1 mm), subadult Ursus arctos SMNH 2016-5131 (Scale bar: 2 mm), adult Ursus arctos 
SMNH 2016-5025 (Scale bar: 2 mm), senile Ursus arctos MNHN 1904-244 (Scale bar: 2 mm).
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cularization in the inner part of the cortex. 
The outer part of the cortex of the ante-
rior face of the bone shows an increase in 
parallel-fibered bone and a distinct avas-
cular OCL. Medially, the inner cortex of 
the bone is comprised of woven-fibered 
bone with mostly longitudinal and reticu-
lar vascularization whereas the outer cor-
tex exhibits parallel-fibered bone with low 
amounts of laminar vascularization and 
layers of avascular lamellar bone. Medi-
ally, the lamellar bone of the OCL is inter-
layered several times by woven-fibered 
bone with longitudinal and reticular vas-
cularization (Figure 4). The lateral and 
posterior parts of the thin section exhibit 
little primary bone tissue. Laterally, the 
outer cortex exhibits avascular lamellar 
bone interrupted by woven-fibered bone 
with laminar and reticular vascularization. 
Figure 3: Histology of the medial part of the femur midshaft of Ursus americanus (MNHN 1930-208), Ursus 
arctos (MZH KN 1358), Ursus deningeri (HJ 151), and Ursus malayanus (MNHN 1914-360). White arrow 
heads indicate LAGs and red arrow heads LAGs of the OCL. (Scale bars: 2 mm)
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The femur of U. malayanus exhibits little 
primary bone tissue. In the anterior and 
lateral part of the bone the central cortex 
exhibits a fibrolamellar complex. The out-
er part of the cortex shows an increase in 
parallel-fibered bone with a distinct OCL. 
Medially, the cortex exhibits a fibrolamel-
lar complex with laminar and plexiform 
vascularization. Towards the OCL, the 
deposition of parallel-fibered bone in-
creases (Figure 3).
Secondary Bone
Bone remodelling in U. spelaeus starts 
in the posterior inner cortex with scat-
tered secondary osteons. In the inner 
part of the cortex, especially posteriorly, 
dense Haversian bone is present already 
in young individuals. In older individuals, 
scattered secondary osteons are found in 
many parts of the cortex, but secondary 
remodelling is especially prevalent an-
teriorly. Posteriorly, around the linea as-
pera, the dense Haversian bone reaches 
the outer surface of the cortex (Figure 1, 
Figure 2). In their first year, the femora of 
U. arctos exhibit no secondary remodel-
ling of the bone. First signs of remodel-
ling start in the posterior part of the bone 
around the linea aspera. Over time, a 
dense Haversian bone tissue forms with 
several generations of secondary oste-
ons, which reach the outer surface of the 
cortex. In the other regions of the bone, 
secondary remodelling starts in the inner 
part of the cortex with scattered second-
ary osteons. With increasing age more 
scattered secondary osteons appear also 
in outer parts of the cortex. In old animals, 
a dense Haversian bone tissue forms in 
the inner cortex of the bone (Figure 2). 
In U. deningeri bone remodelling is most 
pronounced around the linea aspera in the 
posterior part of the bone. Here, Haver-
Figure 4: Histology of the medial part of the femur midshaft of Ursus maritimus (MZH UN 2355) and 
Ursus ursinus (MNHN 1879-307). White arrow heads indicate LAGs and red arrow heads LAGs of the 
OCL. Please note that the last white arrow head and the red arrow heads of the OCL are flipped in Ursus 
maritimus. (Scale bars: 2 mm)
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sian bone is dense and reaches the outer 
part of the cortex. In other parts of the 
bone few scattered secondary osteons 
are present, especially in the inner part of 
the cortex. In U. americanus secondary 
remodelling starts in the inner part of the 
cortex and can lead to a layer of Haver-
sian bone tissue in the innermost part of 
the cortex. Around the area of the linea 
aspera, Haversian bone tissue with over-
lapping generations of secondary oste-
ons is found and can even reach the outer 
surface of the cortex. Secondary osteons 
are found scattered over the whole cortex 
in all parts of the bone but are more abun-
dant in the anterior and lateral part of the 
bone. The femora of skeletally mature U. 
maritimus exhibit dense Haversian bone 
with several successive generations of 
secondary osteons in the inner part of the 
cortex. In the area of the linea aspera, the 
secondary tissue extends until the outer 
surface of the cortex. In other parts of the 
bone many scattered secondary osteons 
are present in the outer part of the cor-
tex. Besides the area around the linea as-
pera, the anterior part exhibits the high-
est bone remodelling. Bone remodelling 
in U. ursinus is uneven. Comparable to 
all other bear species the posterior part 
of the thin section, at the linea aspera, 
exhibits a dense Haversian bone tissue 
with several successive generations of 
secondary osteons. Medially, secondary 
osteons are rare and mostly found in the 
innermost part of the cortex. In the ante-
rior region more secondary osteons are 
present and in the inner part of the cortex 
Haversian bone tissue is present, which 
is increasingly pronounced towards the 
lateral part of the bone. The thin section 
of U. malayanus exhibits dense Haver-
sian bone tissue with several overlapping 
generations of secondary osteons in the 
innermost part of the cortex. Posteriorly, 
this Haversian bone tissue extends to the 
outer cortex. In the anterior and lateral 
part of the thin sections many secondary 
osteons, partly overlapping, are scattered 
over the whole cortex except in the outer-
most part. The medial region of the bone 
shows the least amount of secondary re-
modelling but a considerable amount of 
secondary osteons is still present.
Growth marks and growth in cave bears 
and related species
All examined bear species and cave bear 
populations with preserved histology ex-
hibit LAGs. In cave bears, the first LAG is 
resorbed around the time the 6th is built 
(Figure 2). The ontogenetic series of U. 
arctos shows that the amount of LAGs 
is consistently below the minimum age 
documented for the individual evidenc-
ing the loss of one LAG as well. The loss 
of the first LAG and the first growth zone 
was therefore inferred for all bear species 
within the study. Growth zones of cave 
bears commonly exhibit a peculiar regular 
pattern. After the termination by a previ-
ous LAG, the growth zone starts with the 
deposition of woven-fibered bone. Over 
time, the amount of parallel-fibered bone 
increases and finally the growth zone 
terminates in a LAG. This pattern can 
be obscured due to the overall increase 
of parallel-fibered and lamellar bone. In 
contrast, in U. arctos, U. americanus, and 
U. ursinus, the growth zone is mostly a 
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layer of a uniform fibrolamellar complex 
and only close to the cessation of growth, 
marked by a LAG, a thin layer of paral-
lel-fibered bone is produced. The growth 
zones of U. deningeri, U. malayanus, and 
U. ursinus are less uniform and exhibit 
somewhat alternating parallel-fibered and 
woven-fibered bone in the fibrolamellar 
complex (Figure 5).
The timing of the cessation of overall cir-
cumferential bone growth is indicated by 
the OCL [27]. Usually, an OCL is a layer 
Figure 5: Comparison of the growth zones among different bear species (pictures under cross-polarized 
light with lambda compensator). White arrow heads indicate LAGs. (Scale bars: 0.5 mm)
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of avascular lamellar bone with potential-
ly closely spaced LAGs. The OCL of cave 
bears appears between LAG 10 – 13 and 
in U. arctos it appears between LAG 6 
- 7. Skeletal maturity was reached in U. 
americanus after LAG 7, in U. malayanus 
after LAG 5, in U. maritimus after LAG 10, 
and in U. ursinus after LAG 6. No OCL 
was recorded in U. deningeri, suggesting 
that this animal did not reach skeletal ma-
turity before the age of 11 (10 LAGs plus 
resorbed, Figure 3).
The overall growth speed is not correlat-
ed with latero-medial length as proxy for 
size. The fastest growing species were 
U. malayanus, U. maritimus, and U. spe-
Figure 6: a) Kendall’s tau correlation of growth rate of different bear species compared to their latero-
medial diameter as a proxy for body size. b) Linear model of growth rate of different cave bear localities 
compared to their latero-medial diameter as a proxy for body size. c) Kendall’s tau correlation of growth 
rate of different cave bear localities compared to the altitude of the locality.
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laeus, the slowest growing species were 
U. americanus and U. ursinus (Figure 
6a). Looking at a standardized growth 
period among different cave bear locali-
ties, there is a considerable amount of 
variation in the speed of growth. Within 
cave bears, growth was significantly cor-
related with size. The slowest growth was 
recorded for Arzberghöhle, Zoolithenhöh-
le, and Brettsteinbärenhöhle whereas the 
fastest growth was documented for Lout-
raki and Gondenans-les-Moulin (Figure 
6b). Despite the high degree of variation, 
the speed of growth correlates with the 
altitude of the locality, albeit not linearly 
(Figure 6c). 
Among different bear species the most 
even growth patterns were documented 
in U. ursinus and U. americanus and the 
most uneven one in U. malayanus (Figure 
7). The most even growth was recorded 
for Erpfinger Bärenhöhle, Ramesch Kno-
chenhöhlen, and Zoolithenhöhle. Growth 
was most uneven in the samples from 
Schwabenreithhöhle, Merkensteinhöhle, 
and Drachenloch bei Vättis (Figure 8). 
The evenness of growth is not correlated 
with altitude (Kendall’s tau: 0.095, p-val-
ue: 0.553).
Discussion
The presence of a fibrolamellar complex 
in bear species follows previously de-
scribed thin sections [39]. However, no-
table differences were encountered in the 
composition of the fibrolamellar complex. 
Whereas, U. spelaeus, U. arctos, and U. 
americanus exhibit a bone histological 
pattern similar to the one described by 
Enlow and Brown [39], the one in other 
Figure 7: Mean growth rates among different bear species. Evenness of growth is expressed as standard 
deviation (StD) from growth zone two to five.
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bear species is characterized by higher 
amounts of parallel-fibered and lamellar 
bone. A notable difference was found in 
U. ursinus with considerable amounts of 
longitudinal vascular canals only present 
in this species. One of the first histologi-
cal examinations of U. spelaeus from the 
Drachenhöhle of Mixnitz described lamel-
lar bone structure within trabecular bone 
[40]. If present, the trabecular bone of the 
examined species consisted of lamellar 
bone, which is commonly found [27]. Lat-
er studies on cave bear histology focused 
on mineralogical examinations of remains 
to investigate taphonomic processes [41] 
or pathological changes to bone sub-
stance [42]. The ontogenetic change of 
bone tissue in U. arctos and U. spelaeus 
mirrors findings in deer femora with the 
exception that remodelling in bears starts 
in the inner cortex [19]. A common bias 
when analysing histology from transver-
sal thin section is the overestimation of 
the amount of woven-fibered bone in a 
fibrolamellar complex [28]. The poten-
tial for this bias was verified in cave bear 
femora (Figure 9). The longitudinal sec-
tion indicates that there is actually only a 
small amount of woven-fibered bone in 
the fibrolamellar complex, less than would 
be expected from the transverse section. 
Part of what looks like woven-fibered 
bone is likely parallel-fibered bone with 
longitudinal crystallite orientation [28]. 
The cessation of bone growth as marked 
by an OCL has been associated with ei-
ther sexual maturity [43, 44] or skeletal 
maturity [19]. In U. arctos, femora reach 
skeletal maturity between 5 - 8 years [45] 
and animals reach sexual maturity be-
Figure 8: Mean growth rates among different cave bear localities. Evenness of growth is expressed as 
standard deviation (StD) from growth zone two to seven.
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tween the age of 3.5 - 5.5 years [46]. The 
OCL in U. arctos is produced between 7 
– 8 years (6 – 7 LAGs plus one resorbed) 
suggesting that, at least in bears, the OCL 
indeed indicates skeletal maturity. For the 
other examined bear species the age of 
skeletal maturity for femora is not known 
but the appearance of the OCL cannot 
be linked to sexual maturity [46]. In cave 
bears, the OCL appears between LAG 10 
and 13, which suggest a high age of at-
taining femoral skeletal maturity.
The secondary remodelling of the fem-
ora of all examined bear species gener-
ally follows a very similar spatial pattern. 
Haversian tissue is dense around the 
linea aspera and the inner part of the 
cortex whereas in the rest of the bone 
more scattered secondary osteons are 
present. A similar pattern of secondary 
remodelling was described by Mátyás 
[38]. In deer, secondary remodelling is 
also strongest close to the linea aspera 
[19]. The amount of scattered secondary 
osteons among the different examined 
bear species does vary considerably. 
Non-hibernating bears such as U. malay-
anus and U. maritimus (Figure 3, Figure 
4) [46] exhibit many scattered secondary 
osteons in their bone cortex. In contrast, 
bears which exhibit hibernating behaviour 
such as U. arctos, U. americanus, and 
U. spelaeus [46] have fewer remodelling 
throughout the cortex. Hibernation does 
influence the speed of bone deposition 
and resorption in bears [17], which might 
be the cause for the observed differences 
in bone remodelling. 
Cave bears grew at high rates. This is in 
contrast to some predictions based on 
histological observations. The histology 
of U. americanus and U. arctos suggests 
a faster growth speed than is recorded 
because of the larger amounts of woven-
fibered bone. On the other hand, U. mar-
itimus exhibits a great amount of slowly 
deposited parallel-fibered and lamellar 
bone. However, in contrast to artiodactyls 
[20], growth periods during the year are 
not known for bear species. As aforemen-
tioned, bears slow down bone deposition 
and resorption during hibernation [17]. 
Thus the extent of the cessation of growth 
between species could be different. An-
other factor to consider is that the length of 
hibernation varies among populations of 
Figure 9: Picture of the femoral cortex of Ursus spelaeus from Peștera Onceasa, Romania under cross-
polarized light with lambda compensator. Transverse thin section (left) exhibits more woven-fibered bone 
than longitudinal section (right). (Scale bar: 2 mm)
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one species [46]. The observed variation 
in growth speed among cave bears from 
different localities was best explained by 
the altitude of the cave. High alpine cave 
bear populations are smaller than their 
lowland counterparts [13] and grow at a 
slower pace. However, the change is not 
gradual. Above an altitude of about 500 
m, the pace of growth slows down con-
siderably. In contrast, the latero-medial 
length of the femora midshaft is linearly 
correlated with altitude (Supplementary 
Figure 3).
Growth speed of U. spelaeus and U. mar-
itimus are very similar. However, the biol-
ogy of both animals is very different with 
one being a denning carnivore [46] and 
the other a hibernating herbivore [3]. Cave 
bear pups had about the same size as the 
ones of U. arctos at birth [47, 48] and thus 
grew faster and longer to attain their adult 
stature of 500 kg [49] or possibly even up 
to 1500 kg [3]. The maximum known age 
for cave bears is 30 years [50]. However, 
most individuals did not reach that age as 
mortality was often high among juveniles 
[50-52]. The fast pace of growth in cave 
bears suggest an early age of maturation 
[53]. Despite this not being the case for 
skeletal maturity, sexual maturity could 
have been attained early in life of cave 
bears, which could have compensated for 
high juvenile mortality. Based on life his-
tory theory, a high juvenile mortality rate 
would favour early sexual maturity, large 
litter sizes, and rapid growth [54, 55]. A 
small birth weight and big litter size for 
cave bears would be in concordance with 
carnivoran life history strategy [56]. None-
theless, the size [3, 49] and longevity [52] 
of cave bears exhibit the complex nature 
of species specific life history strategies.
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Supplementary Information
Palaeohistology and life history evolution in cave bears, Ursus spelaeus 
s.l.
Supplementary Figure 1: Variation in bone histology (medially) among different cave bear localities. White 
arrow heads indicate LAGs and red arrow heads LAGs within the OCL. Please note that the last red arrow 
heads in CuO 7528-1 and the last red arrow head in DR 35 are flipped. (Scale bars: 2 mm)
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Supplementary Figure 2: Variation in bone histology (medially) among different cave bear localities. White 
arrow heads indicate LAGs and red arrow heads LAGs within the OCL. Please note that the red arrow 
heads of the OCL are flipped in PEC 1183 (Scale bars: 2 mm)
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Supplementary Figure 3: Correlation between body size as expressed by log10 lateral-medial diameter 
(LMD) and altitude of the cave bear locality.
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‘Resurrecting’ Darwin’s Niata - anatomical, biomechanical, genetic, 
and morphometric studies of morphological novelty in cattle
Kristof Veitschegger1, Laura A. B. Wilson2, Beatrice Nussberger3, Glauco Camenisch3, 
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Abstract
The Niata was a cattle variety from South America, which figured prominently in writ-
ings on evolution by Charles Darwin. Its shortened head and other aspects of its mor-
phology have been subject of unsettled discussions since Darwin’s time. Here, we 
examine the anatomy, cranial shape, skull biomechanics, and molecular aspects of the 
Niata as an example of the evolution of morphological disparity during domestication. 
The Niata was a viable variety of cattle and exhibited anatomical differences to known 
chondrodysplastic traits. In cranial shape and genetic analysis, the Niata occupies an 
isolated position clearly separated from other cattle breeds. We find no evidence from 
computational biomechanics that the much derived skull configuration compromised 
the Niata’s ability to process plant matter. Morphological and genetic data illustrate the 
acquisition of novelty in the domestication process and confirm the distinct nature of the 
Niata cattle, validating Darwin’s view that it was a true breed.
Keywords: brachycephaly, shapes, morphospace, sutures, Finite Element Analysis 
(FEA), single nucleotide polymorphism (SNP)
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The Niata
The change in skull shape towards a short 
and stout appearance (brachycephaly) 
is an independently reappearing trait 
during domestication and is considered 
a breed-defining characteristic in some 
dogs, cats, and pigs [1]. In cattle, extreme 
brachycephaly has only been described in 
the Niata cow from South America (Figure 
1). The first documented encounters 
with the Niata are from the early 19th 
century [2, 3]. However, the Niata only 
received widespread recognition after the 
publication of Charles Darwin’s second 
edition of the Journal of Researches 
in 1845 [4]. Darwin described the 
appearance of the Niata and discussed 
its evolution, existence, and biology. The 
Niata became a controversial subject 
among scientists in Europe, especially 
France. It was unheard of that cattle 
could develop such a skull configuration 
and still be considered a true breed and 
not a malformation [5-13] This is a false 
dichotomy still found in literature today [1, 
14]. Lenient definitions of breeds simply 
require the human intend to select for 
and preserve certain morphology within a 
species that distinguishes this population 
from other members of the species [1].
Although the peculiarities of the Niata 
have been widely discussed, the issues 
raised since Darwin’s writings have 
not been solved. We aim to do so with 
several approaches. We investigate 
the anatomy and body size of the Niata 
and evaluate the first description of its 
skull by Owen [15]. Additionally, we use 
geometric morphometrics of the skull and 
genetic data to place the Niata within the 
context of other cattle breeds. We test 
for the existence of intermediate shapes 
between the extreme brachycephaly of 
the Niata and more regular shapes as 
found in e.g., Simmentaler cattle.
The morphology of the Niata has been 
tied to disease and malformations 
[11]. Dareste made the first connection 
between chondrodysplastic bulldog-
calves, also known as snorter dwarfs, and 
the Niata cattle [6]. Chondrodysplasia 
is a congenital disease, which leads to 
shortened limbs, brachycephalic skulls, 
and an early fusion of the spheno-
occipital synchondrosis in cattle and 
often times is lethal [16, 17]. However, 
mutations in genes associated with 
chondrodysplasia can also be important 
drivers in the appearance of breeds [18] 
and in dogs different genes are related 
to chondrodysplasia and brachycephaly, 
respectively [18, 19]. In cattle, several 
genes such as ACAN, PRKG2, and EVC2 
are considered to be related to so-called 
snorter dwarf-like chondrodysplasia [17, 
20, 21], which is even breed defining in 
Dexter cattle [17]. Here, we examine the 
cranial and postcranial morphology of 
the Niata to compare it with anatomical 
markers for chondrodysplasia in cattle.
For Darwin, the Niata was an illustrative 
example for selection [4]. He was convinced 
that the Niata must have experienced 
disadvantages during droughts because 
its extreme brachycephaly, resulting 
in a projecting lower jaw, should have 
negatively affected the process of 
feeding. We explore biomechanics to 
address feeding in the Niata by using 
Finite Element Analysis (FEA) to look at 
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Figure 1: Reconstruction of cranial muscles and 
external head morphology of the Niata based on 
the skull MLP 1126. Artwork by Jorge González.
the stress distribution over the Niata skull 
and compare it to other types of cattle.
We extracted DNA from Niata specimens 
in museum collections to study single 
nucleotide polymorphisms (SNPs). Niata 
characteristics have been described in 
several cattle breeds [6, 22, 23]. We test 
the clustering of Niata individuals and 
their relations to indicine Zebu breeds, 
taurine European breeds, hybrids, and 
Bos javanicus [24].
Results
Cranial and postcranial anatomy
The skull of the Niata is short and broad, 
as is typical for a brachycephalic condition 
(Figure 2, see supplementary information 
for measurements). The maxillary bone 
of the Niata has a triangular outline due 
to the close approximation, or direct 
contact, of lacrimal and premaxillary 
bone. It is shortened and the facial crest 
cannot be easily distinguished; the facial 
tuber is very prominent. The alveolar 
process towards the teeth is convex 
and the diastema is shortened. The 
shortening of the maxillary bone has also 
changed the angle between premolar 
and molar teeth. The premolar teeth are 
placed in an obtuse angle to the molars 
as is also the case in the lower jaw. In the 
premaxillary bone, the alveolar process 
and the body of the incisive bone are 
short and stout. The premaxillary bones 
are medially curved upwards so that the 
process is V-shaped from anterior view. 
The nasal process is variable in length, 
but in three of the five examined skulls, 
it comes into contact with the lacrimal 
bone. The shortening of the maxillary 
bone, therefore, slightly changed the 
configuration of the sutures in the skull. 
The nasal bones of the Niata are short, 
stout, and are convex in lateral view. The 
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Figure 2: Skull and lower jaw of the Niata (MLP 1556). 1a: skull dorsal view, 1b: skull posterior view, 1c: 
skull lateral view, 1d: skull ventral view,1e: lower jaw lateral view. 2: schematic reconstruction of the dorsal 
(red), middle (blue), ventral (green) conches in the Niata (broken parts are reconstructed in grey) based 
on CT scan data (mirrored).
suture between the two nasal bones fuses 
in the Niata and in one of the examined 
specimens it was not visible anymore. 
Due to the shortening of the snout region, 
the dorsal, middle, and ventral nasal 
conchae have become proportionally 
short and stout (Figure 2). No conch has 
been affected more strongly than any 
other. The frontal bone of the Niata is 
curved upwards to the nasal bones. The 
intercornual protuberance can be from 
W-shaped to flat in dorsal view. The length 
of the frontal bone from the nasal-frontal 
suture in midline (nasion) to the posterior 
edge of the skull in midline (acrocranion) 
is rather short compared with the smallest 
length of the frontal bone. This gives the 
frontal bone a squarish appearance. At 
the base, the bony part of the horns of the 
Niata grows in lateral direction and then 
turns antero-dorsally. In individuals with 
longer horns, a second turn to postero-
dorsal can be observed. The orbits of 
the Niata are square-shaped and, due to 
the shortening of the snout, placed more 
anteriorly. The jugal bone and the lacrimal 
bone are shortened towards the maxillary 
bone. The morphology of the occipital 
bone and temporal fossae do not differ 
between the Niata and other breeds. The 
craniobasal angle of the Niata is over 
180° or airorhynch condition. The lower 
jaw is curved upwards and the incisors 
project over the body of the incisive 
bone of the premaxillary bone, leading to 
malocclusion [4].
The external suture obliteration pattern 
of the cranial sutures of the Niata is not 
different from that observed in other 
cattle (Figure 3). The Niata skull with 
the oldest individual age (MLP 1126), 
however, shows a high degree of external 
suture obliteration. The spheno-occipital 
synchondrosis remained open in a 
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Figure 3: a: Body size of the Niata cattle compared to other taurine cattle breeds. b: Relative external 
suture obliteration scores at different ages in the Niata and other cattle breeds.
specimen with an estimated age of about 
24 – 30 months based on the shedding 
of deciduous teeth [25]. All other Niata 
specimens exhibit a fused spheno-
occipital synchondrosis and permanent 
dentition.
The Niata was of average size when 
compared to other taurine breeds (Figure 
3). The body mass of the Niata was 
reconstructed based on the complete 
skeleton MLP 1126, a male [26]. The 
comparison of the ratio of limb length and 
cervical-sacrum length among breeds 
shows that the Niata did not have short 
limbs compared to its body length, nor 
are the hindlimbs disproportionally longer 
than the forelimbs (Supplementary Figure 
5 & 6).
Morphometric analysis
The landmark-based morphometric 
analysis of the skulls clearly shows a 
distinction between the Niata and other 
breeds (Figure 4). Principal component 
(PC) 1 accounts for 34.9 percent of the 
overall shape variation and is defined 
by the difference between short skulls 
(brachycephalic) and elongated ones 
(dolichocephalic), as found in Sanga 
and Zebu cattle. The second PC axis 
shows similar shape changes as the 
first one, but less pronounced. Here, the 
difference relates to the angle between 
the nasal and frontal bones as well as 
the broadness of the skull. This axis 
accounts for 9.4 percent of the shape 
variation. The third PC axis accounts 
only for 7.9 percent of the shape variation 
and is mainly defined by extension of the 
nasal process of the premaxillary bone. 
No further PC axis accounts for more 
than five percent of the shape variation in 
the sample. Overall, the Niata is located 
away from other breeds in morphospace, 
evidenced by large Procrustes distances 
(PD) for pairwise comparisons. The mean 
shape of a Niata skull is most different 
from Bucharan Grey (PD: 0.29), Sanga 
(PD: 0.26), and Zebu (PD: 0.25) cattle 
and closest to Tuxer (PD: 0.15), Zillertaler 
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Figure 4: Principal Component Analysis of the skull shapes of different cattle breeds. Top left, bottom left 
and bottom right are the comparisons between PC1, PC2, and PC3. Top right are the associated shape 
changes. Numbers in parentheses indicate shape variation explained by respective PC axes. Red dots 
indicate the Niata and blue dots the aurochs (Bos primigenius).
(PD: 0.17), as well as Jersey (PD: 0.17) 
cattle. In comparison, Maas-Rhein-
Ijsselschlag cattle, a breed closer to the 
mean shape, is most different in shape 
to the Niata (PD: 0.21), the Bucharan 
Grey (PD: 0.11), and the Tuxer (PD: 0.08) 
cattle and more similar to the Devon 
(PD: 0.02), North Wales (PD: 0.02), and 
Bohemian Red (PD: 0.02) cattle. A similar 
pattern was recorded for the lower jaw 
(Supplementary Information).
Finite Element Analysis
Von Mises (VM) stress was estimated 
because it is a good indicator of mechanical 
performance in materials that fail under a 
ductile model of fracture [27] and muscle 
forces were scaled according to body 
mass for each specimen. In general, the 
VM stress contour maps indicate broad 
similarities in the distribution of VM stress 
across all three investigated breeds: 
Niata, Simmentaler, and Zebu.
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Across all loading cases, the Niata 
cranium exhibited comparatively low 
stress levels, particularly across the 
dorsal surface of the frontal and the 
supraorbital sulcus (Figure 5 G, H). 
Compared to the Simmentaler and Zebu, 
the Niata cranium showed lower stress 
along the lateral margin of the frontal and 
squamosal (Figure 5, lateral models A, 
C, E). All breeds showed high VM stress 
values along the zygomatic arch for all 
loading cases.
For the unilateral bite, all breeds showed 
greater VM stress values in the rostrum 
on the working-side compared to the 
balancing-side (unloaded), especially for 
the maxilla and lacrimal region, as well as 
slightly increased stress for the working-
side compared to the balancing-side 
dorsal surface of the frontal (Figure 5, H, 
J, L). Comparing the VM stress contour 
maps for the working-side unilateral bite 
and the bilateral bite in lateral view, for all 
breeds the results show that the unilateral 
bite leads to increased VM stress in the 
anterior portion of the maxilla and near 
to the suture between the maxilla and 
zygomatic (Figure 5). Compared to Zebu 
and Simmentaler, the Niata displays 
only a slight increase in magnitude and 
extension in distribution of VM stress near 
to the maxillo-zygomatic suture (Figure 5 
A-B).
Consistent with the contour map 
results, strain results collected at the 
temporomandibular joint (TMJ) for the 
unilateral loading case indicated that 
overall the Niata cranium showed the 
lowest VM strain values (218.05-218.76 
μϵ; Supplementary Table 12). The 
difference between VM strain values for 
the working-side TMJ compared to the 
balancing-side TMJ was lowest for the 
Niata (0.32%), and highest for the Zebu 
(9.5%) (Supplementary Table 12). The 
predominant mode of strain at the TMJ 
was compressive.
Among the breeds, the Niata exhibited 
overall lower VM stress along the 
mid-sagittal plane of the cranium 
(average=0.31 MPa; Simmentaler, 
average = 0.37 MPa; Zebu, average = 
0.50 MPa)(Supplementary Figure 12, 
A). The difference in stress between the 
Niata and the other breeds was most 
conspicuous at points 3-6 for the bilateral 
bite, corresponding to the area extending 
from the posterior part of the nasal, beyond 
the naso-frontal suture, towards the 
orbits. Along the dorsal midline, the Niata 
displayed more variation in stress values 
between the unilateral and bilateral bite 
than Zebu and Simmentaler, particularly 
showing greater stress in the unilateral 
bite for points 4-8 (Supplementary Figure 
12, A). 
Overall the pattern of VM stress values 
was more similar among the breeds along 
the tooth row than along the dorsal midline 
(Supplementary Figure 12). VM stress 
values were, on average, higher for the 
tooth row equidistant points (0.51-0.68 
MPa) compared to those collected along 
the mid-sagittal plane (0.27-0.50 MPa). 
For all breeds, differences between the 
bilateral and unilateral bite were generally 
most marked towards the anterior portion 
of the tooth row, corresponding to points 
1-5 (Supplementary Figure 12, B). The 
Simmentaler and Zebu displayed greater 
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Figure 5: Lateral and dorsal finite element models: Contour mapping of Von Mises (VM) stress distributions 
in lateral view. Models were subjected to loading cases simulating a bilateral anterior bite (A, C, E, G, I, K), 
and a unilateral anterior bite (B, D, F, H, J, L). Models are for Niata (A, B, G, H), Simmentaler (C, D, I, J) and 
Zebu (E, F, K, L). Muscle forces were scaled to body mass for each model. White regions exceed the scale.
differences between stress values for the 
bilateral bite and unilateral bite along the 
tooth row than the Niata.
Analysis of SNP data
Using data from 2,205 SNP loci genotyped 
in this study in five Niata samples and in 
134 other cattle breeds by Decker et al. 
[24], it is evident that Niata cattle form 
a genetic cluster that belongs to the 
taurine breeds. Both principal component 
analysis (Figure 6) and phylogenetic 
analysis (Supplementary Figure 13, 
Supplementary Figure 14) confirm this 
view. Of all the breeds included in our 
analyses, Niatas cluster furthest away 
from the indicine breeds. Furthermore, 
Niata samples do not cluster with Iberian 
breeds (e.g., Morucha) or South American 
breeds (e.g., Corriente), nor with breeds 
known for the occurrence of some forms 
of chondrodysplasia (e.g., Dexter, Angus, 
Hereford, Kerry) [14, 16, 17, 20]. Instead, 
they form their own, independent cluster, 
suggesting that Niata can be considered a 
separate breed. However, one of the Niata 
samples (MACN-Ma 25.162) clustered 
between European and American breeds, 
and may not represent the same gene 
pool as the other Niata samples. We 
could not determine the closest relative of 
the Niata breed because the exact branch 
location of Niata was not reproducible 
in phylogenetic analyses with different 
parameters (Supplementary Figure 13, 
Supplementary Figure 14).
Discussion
Anatomical evidence and signs of 
chondrodysplasia
The Niata exhibits a brachycephalic 
skull and reveals morphological and 
biomechanical singularities. Suture 
configurations in some individuals 
diverge from the norm for cattle, as the 
lacrimal bone coming into contact with 
the premaxillary bone, although this is not 
universal in Niata skulls (contra [15]). We 
found a transition in the basicranial angle 
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from an ancestral condition of around 158°, 
as found in the aurochs (Bos primigenius) 
[14], to an angle of about 193° in the 
Niata. All examined breeds fall within 
these two extremes. The pattern in dogs 
is different: the wild ancestor of dogs, the 
grey wolf (Canis lupus), has a basicranial 
angle of about 170°, in the middle of the 
range between the Barsoi (158°) and the 
French bulldog (183°) breeds [28, 29]. 
The spheno-occipital synchondrosis in 
the Niata has not been affected by the 
change in the skull configuration. This 
is of particular importance, as an early 
fused synchondrosis has been shown to 
be characteristic for chondrodysplastic 
malformations in cattle. In individuals 
affected with the snorter dwarf condition 
the synchondrosis fuses at around 5.5 
months [16]. In dogs, brachycephalic 
breeds are more likely to have a 
relatively early closed spheno-occipital 
synchondrosis [30]. Generally, the 
external suture obliteration pattern of the 
Niata is within the range of other cattle of 
similar age until the age of 72 months. The 
oldest skull (MLP 1126) has the highest 
external suture obliteration score within 
the dataset. This is in agreement with 
a pattern found in brachycephalic dogs 
[29]. However, external suture obliteration 
patterns are more variable in older cattle 
[31]. Sutures have an important role in 
mitigating stress on the skull, therefore 
an early fusion can lead to irregular bone 
growth [32]. Despite the many different 
changes to the skull, the body size and 
limb proportions of the Niata show no 
delineations from other cattle. In contrast, 
in Dexter short limbs are one of the breed 
defining characteristics [17]. The average 
proportions of Niata do not support early 
reports of disproportionally short front 
limbs (Supplementary Figure 5) [4].
Geometric morphometrics and genetic 
evidence
The Niata occupies a unique position 
in the morphospace of cattle skulls, as 
evidenced by large Procrustes distances 
revealed in the morphometric analysis. 
The breeds most similar to the Niata in 
skull shape are the Tuxer and Zillertaler. 
Early works reported similarities 
between the Tuxer and the Niata [33, 
34]. Another similar breed similar is the 
Jersey [14] which, like the Niata, has an 
upward curved forehead. The furthest 
removed from the Niata skull shape are 
the Bucharan Grey, followed by Zebu 
and Sanga cattle. Zebu and Sanga are 
dolichocephalic breeds, which originated 
from another domestication center than 
most European breeds [35]. The first 
cattle that were brought to the Americas 
were from Iberian taurine origin and 
intermixture with indicine breeds did not 
happen before the mid-19th century [36]. 
Based on this knowledge of the origin of 
South American cattle breeds [37-39], 
it is of particular interest that the Niata 
does not cluster with any Iberian breed 
within the dataset such as the Tudanca 
or Rubia Gallega. The distinct position of 
the Niata is confirmed in the PCA based 
on SNP data (see below). Here, the Niata 
individuals form a cluster that slightly 
overlaps with the taurine breeds (Figure 
6).
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Figure 6: Principal Component Analysis of genotypes based on 2’505 SNPs, with Niata genotype quality 
score of GC 0.5. Niata are compared to other cattle breeds (data from Decker et al. 2014).
Finite element analysis
Darwin suggested that the Niata had a 
disadvantage compared to other cattle 
breeds when foraging. He stated that the 
protruding lower jaw of the Niata inhibits 
it from properly browsing twigs or reeds 
in case of droughts, thus leading to its 
demise [4]. There is no preserved soft 
tissue of the lips of the Niata, nor is there 
any depiction of a feeding Niata that 
would allow us to determine precisely 
what effect the protruding lower jaw had 
on the process of feeding. However, from 
our FEA results there is no evidence to 
suggest that mechanical performance 
was compromised. Indeed the skull of 
the Niata, which experienced less stress 
during both anterior bilateral biting and 
unilateral molar biting than the other 
breeds considered.
The Niata in context of breeds
The origin and fixation of the Niata traits 
in South American cattle was most likely 
not intentional but rather a result of a very 
small founding population [38]. Darwin 
[4] already wrote about the heritability of 
the Niata traits and he asserted that the 
breed is true. However, evidence for the 
inheritability of the Niata traits comes from 
breeding experiments in Jersey cattle 
[22]. These experiments also showed that 
heavily brachycephalic cattle suffer from 
inheritable impaired vision [22]. Inherited 
illnesses are a common phenomenon in 
several modern dog and cat breeds [40].
The Niata is an illustrative case on 
how domestication can expand the 
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morphospace of a species. In cattle, 
however, ‘extreme’ or very derived 
anatomical traits appear to be 
discriminated against, which may be due 
to the utility value of cattle, e.g., being 
efficient dairy and meat producers as well 
as work animals [1, 41]. Therefore, a breed 
with possible inherent health problems 
and probably difficult temper, as stated 
by Darwin, would be less appreciated 
[4, 22]. This aspect of selective breeding 
can be easily exemplified by the different 
perception and recognition of heavily 
brachycephalic dogs such as French 
bulldog or the Boxer as true breeds [1] 
whereas the status of the Niata as breed 
has been controversial. Early works 
dismissed the possibility of such a breed 
completely [11] and in recent years it still 
was described as a defective form [14]. 
However, following a standard breed 
definition [1] (p. 40): “A breed is a group 
of animals that has been selected by 
humans to possess a uniform appearance 
that is inheritable and distinguishes it from 
other groups of animals within the same 
species,” the Niata can be considered 
a breed. Our genetic and morphometric 
evidence clearly shows the distinctiveness 
of the Niata as true breed as suggested 
originally by Darwin [4]. The case of the 
Niata, which vanished sometime in the 
late 19th or early 20th century [26, 42], is 
an example for the trend of extinction of 
breeds of domesticated forms of several 
species and thus loss of genetic diversity 
[43].
Material and Methods
Cranial and postcranial anatomy
Skull measurements were taken 
according to von den Drisch [44] and 
skull terminology follows Budras et al. 
[45]. We used a μCT scan from the 
skull MNHN 1933-122 to assess the 
change of the configurations of the nasal 
conches. CT-scan of the Niata skull 
MNHN 1933-122 was carried out with 
a Phoenix v|tome|x L 240-180 at the 
AST-RX platform, MNHN, Paris, France 
(http://www.ums2700.mnhn.fr/ast-rx/
acces).Following parameters were used: 
voltage 220 kV, current 300 mA. The scan 
resulted in 3053 images with a voxel size 
of 0.12357352 mm (exposure time 500 
ms). Phoenix x-ray datos|x software 
was used to export a 16 bit TIFF image 
stack. Manual segmentation of the nasal 
conchae was performed in Avizo 8.1.
The pattern of external suture obliteration 
in 26 sutures was documented in 47 cattle 
skulls of known age (Supplementary Table 
3). Not all skulls in this comparative dataset 
had breed information. Additionally, 
we studied four skulls of Niata cattle 
(Supplementary Table 3). The age of the 
Niata specimens was estimated based 
on tooth eruption, incisor wear pattern 
as well as information from literature 
[25, 26]. External suture obliteration was 
documented in three stages. A suture 
was open when no signs of obliteration 
were visible; this was scored as “0”. Any 
degree of closure was scored as “1” 
and a completely obliterated suture was 
scored as “2”. The overall average of 
the scores was compared with individual 
age. Basicranial angle was measured in 
77 skulls from 36 breeds (Supplementary 
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Table 2). Four landmarks were used to 
measure the basicranial angle: suture 
between premaxillary and maxillary bone 
in the midline (1), tip of the palatine bone 
in midline (2), suture between vomer and 
presphenoid in midline (3), and ventral 
border of the foramen magnum in midline 
(4). These four landmarks were visualized 
in lateral view using Morphologika 2.5 
[46]; a wireframe was drawn between 
landmark 1 and 2 as well as landmark 3 
and 4. The angle was measured between 
these two lines. Resulting angles were 
averaged per breed. The body mass of 
the Niata was calculated by using and 
averaging different cranial and postcranial 
measurements; see supplementary 
information [47-49]. The height of the 
Niata was taken from Baldassarre [26]. 
The resulting average weight and the 
height were compared with those of 264 
different taurine breeds (208 male and 
262 female) as well as the aurochs, Bos 
primigenius (Supplementary Table 13). 
The comparative data for height and 
weight were taken from Felius [14].
Morphometric analysis
The data were obtained using a 
Microscribe digitzer (Microscribe MX, 
Immersion Corporation, San Jose CA) by 
the first author. 53 landmarks were used 
to capture the shape of the whole skull. 
Custom frame was used in MUS 6.0.1 
to digitize the dorsal and ventral part of 
the skull. Twelve landmarks were used 
to analyze the general shape of the left 
half of the lower jaw. The shape of the 
cattle skulls and lower jaws was analyzed 
using geometric morphometrics [50-52]. 
All analyses were performed using the 
package geomorph [53] as implemented 
in R, version 3.2.3 [54]. Initially, a 
Generalized Procrustes Analysis was 
performed to align the specimens and 
remove size [55]. We used centroid size to 
remove a possible effect of allometry in our 
dataset [53]. After creating the so called 
allometry-free shapes, we performed a 
Principal Component Analysis. At the 
beginning of data collection, one skull 
and one lower jaw were digitized five 
times to estimate error of precision [46]. 
Observer error was small compared to 
the variation within the dataset. To assess 
the degree of morphological difference 
between the Niata skull shape and other 
breeds, we calculated the Procrustes 
distance between mean skull shapes 
of breeds. Procrustes distance is the 
least squared mean distance between 
shapes after Procrustes alignment [55]. 
Altogether, the final dataset consisted of 
316 adult skulls representing 86 breeds 
(including 4 landraces, 7 crossbreeds, 
4 Zebu varieties, 2 Sanga breeds, and 
Bos primigenius) as well as 238 adult 
lower jaws from 65 breeds (including 1 
landrace, 1 crossbreed, 2 Zebu varieties, 
1 Sanga breed, and Bos primigenius).
Finite Element Analysis
Computed tomography scan data: Finite 
Element Models (FEMs) were constructed 
from computed tomography (CT) scan 
data collected for three specimens. These 
were, Niata MLP 1126 (slice thickness = 
0.67 mm, inter-slice distance = 0.33 mm) 
provided by Alfredo A. Carlini, Diego H. 
Verzi, and Itatí A. Olivares (Museo de La 
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Plata); Simmentaler ZMUZH 17765 (slice 
thickness = 1.00 mm, inter-slice distance 
= 0.20 mm) and Zebu ZMUZH 17767 
(slice thickness = 1.00 mm, inter-slice 
distance = 0.20 mm). Niata MLP 1126 
was scanned at the Centro de Imágenes 
Médicas (CIMED), La Plata, Argentina 
with the CT scanner Scan Phillips 
Brilliance 64 with a current of 229mA 
and a voltage of 120 kV. 1943 images 
were created and exported as DICOM 
stack with implemented software version 
2.6.2. The voxel size was 0.976563 
mm and exposure time was 655 ms. 
The Simmentaler and Zebu skulls were 
scanned at the Universitätsspital Zürich, 
Zürich, Switzerland with a Siemens 
SOMATOM Force CT-scanner using a 
voltage of 120 kV and a current of 132 
mA. The exposure time for both skulls 
was 1000 ms. The Simmentaler scan 
consisted of 2850 images and had a 
voxel size of 0.947266 mm. The Zebu 
scan consisted of 2750 images and had 
a voxel size of 0.904297 mm. The image 
stacks were exported as DICOM stacks 
using the implemented software syngo 
CT VA50A.
Estimation of body mass and muscle 
force: Body mass (BM) for each specimen 
was estimated using measurements of 
the lower molar tooth row length (LMRL), 
second lower molar length (SLML), 
anterior jaw length (JLB) and posterior 
jaw length (JMA), following the equations 
developed on ungulates by Mendoza et 
al. [56], where:
BM = -1.602LMRL + 2.791SLML + 
0.576JLB + 1.005JMA + 2.402
Postcranial material was available for MLP 
1126, allowing body mass to be estimated 
from the circumference of the femur and 
humerus for this specimen, following 
the equation for quadrupedal mammals 
presented by Anderson et al. [48] and from 
measurements of the humerus, following 
the bovid-specific equations of Scott [47]. 
The average of skull and postcranial body 
mass estimates was used for MLP 1126.
The major jaw closing muscles were 
modelled for each specimen, their origin 
and insertion points were defined using 
a bovine anatomical atlas [45]. These 
were m. masseter, m. temporalis, m. 
pterygoideus lateralis and m. pterygoideus 
medialis. Muscle forces were predicted 
on the basis of maximum cross-sectional 
area (CSA) using the ‘dry skull’ method 
and CSA values were multiplied by the 
tension value for vertebrate striated 
muscle of 0.3 N/mm2 [57, 58]. The CSA 
values were summed for the four muscle 
groups, and the relative proportion of 
each muscle was calculated; these data 
were compared to muscle mass values 
for ungulates [59]. Muscle forces were 
distributed in each model based on the 
percentage contribution of each muscle 
group to the total (Supplementary Table 
11).
Muscle forces were scaled according to 
body mass for each specimen [60]. When 
a body is scaled geometrically by a factor 
of k in all dimensions, the volume of the 
body scales by k3 whereas the muscle 
cross-sectional area of the body scales by 
k2; this can be expressed in the following, 
two-thirds power scaling equation:
MFtarget / MFref = (BMtarget/BMref)^2/3
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Where MFtarget is the muscle force of 
the target specimen (to be calculated), 
MFref is the muscle force of the reference 
specimen, BMtarget is the body mass of 
the target specimen, and BMref is the 
body mass of the reference specimen 
[61, 62]. We used the Niata MLP 1126 
model as MFref to estimate MFtarget for 
the Simmentaler and Zebu models, using 
the above equation. 
Finite Element Model (FEM) assembly: 
Three-dimensional (3D) surface meshes 
were created from DICOM image stacks 
using Mimics (Materialize, Version 18.0), 
and volume meshing was performed in 
3-Matic (Materialize, Version 9.0). Volume 
meshes were imported as Nastran (NAS) 
files into Strand 7 v. 2.4.5 (Strand 7, Pty 
Ltd, Sydney, NSW) for Finite Element 
Model (FEM) assembly (Supplementary 
Figure 11). Each model comprised 1.5-1.8 
million 4-noded tetrahedral (tet-4) ‘brick’ 
elements: Niata MLP 1126 - 1,781,890 
bricks; Simmentaler 17765 – 1,552,228 
bricks; Zebu 17767 – 1,594,008 
bricks. Following previous protocols for 
comparative Finite Element Analysis 
(FEA), all FEMs were homogeneous and 
tet-4 elements were assigned a single 
material property for cortical bone with a 
Young’s modulus (E) of 13.7GPa and a 
Poisson’s ratio (v) of 0.4 [61, 63]. Muscle 
architecture was modelled in 3D using 
multiple pre-tensioned trusses (axial-
loaded beam elements), to simulate the 
basic geometry of muscle fibers (total 70 
trusses per model). Each muscle group 
was represented by the same number of 
trusses in each model, and muscle forces 
were distributed between the trusses 
relative to muscle proportion values, as 
calculated above. For each muscle beam, 
a network of beams was tessellated on 
the surface of the model around the site 
of attachment to reduce the potential for 
stress artefacts associated with single 
node loadings.
Boundary conditions and loading cases 
for FEMs: Two intrinsic (bite transmitted) 
loading cases were simulated to mimic 
feeding, reflecting bites undertaken 
with maximal bite force using the skull 
musculature. These were: 1) a bilateral 
anterior bite at M1, and 2) a unilateral 
molar bite at M2. For both loading cases, 
models were restrained at the occipital 
condyle and an axis of rotation was created 
around the temporomandibular joint 
(TMJ). A rigid link spanning the foramen 
magnum was created and restrained 
in the global coordinate system (x, y, z 
restraint for translation and rotation) to 
prevent free motion of the model in virtual 
space. Restraints were also added at 
the mid-point, defined as the mid-length, 
of the upper M1, for each tooth row for 
the bilateral bite, and for the right hand 
side tooth row only for the unilateral 
bite. Restraints simulate occlusal and 
mandibular contacts and produce reaction 
forces at the point of restraint under 
muscle pull in an inferior line of action 
(see [64, 65] for similar protocol). For 
the bilateral bite, the TMJ was restrained 
in all directions, and the bite points on 
the tooth row were constrained in the 
vertical direction. For the unilateral bite, 
the working-side TMJ was constrained 
in all directions, and the balancing-side 
TMJ was constrained in the vertical and 
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antero-posterior directions. To spread 
the forces generated at the restrained 
single nodes, and to prevent artefacts in 
the distribution and magnitude of stress 
[66], networks of beams were tessellated 
around each fixed node.  
Comparison of biomechanical 
performance: FEMs were solved in 
Strand 7 (version 2.4.5) using the direct 
sparse linear static solve scheme, and 
the AMD node ordering algorithm option. 
Prior to solving each model, the mandible 
was removed due to the inclusion of metal 
fixations in the Niata MLP 1126 specimen. 
Von Mises (VM) stress data were used 
to compare the structural integrity of the 
FEMs under the loading cases. Bone fails 
under a ductile model of fracture [67], and 
VM stress is the metric used to assess 
the yielding of ductile materials [68].
Relative mechanical performance was 
assessed using contour plots of VM 
stress distributions, generated in Strand 
7 (version 2.4.5). To assess differences 
in stress magnitude and distribution 
between models, VM brick stress values 
were extracted at equidistant points along 
the mid-saggital plane of the cranium and 
along the margin of the tooth row for each 
model. At each equidistant point, VM 
stress values for five bricks surrounding 
the selected node were averaged. On 
each model, the selected node identity 
(ID) was recorded and the same node 
was chosen for each loading case. For 
mid-saggital sampling, equidistant points 
were selected along a line from the most 
anterior part of the nasal bone (point 1) 
to the most posterior part of the parietal 
(point 10). For the margin of the tooth 
row, equidistant points were selected 
along a line from the most anterior (point 
1) to most posterior part (point 10) of the 
tooth row.
Reaction forces, recorded at the bite 
points and TMJ for each loading case, 
were extracted from each of the solved 
FEMs. Strain metrics were extracted 
at the TMJ on both the working and 
balancing sides of the model. These 
comprised von Mises strain (distortional 
strain or non-isometric strain), maximum 
principal strain (tension) and minimum 
principal strain (compression). Strain 
mode was calculated as the absolute 
value of maximum principal strain divided 
by minimum principal strain, to provide 
an indication of whether compression or 
tension was dominant at the TMJs (see 
[65]).
Analysis of SNP data
We collected five samples (tooth, bone 
or tissue) of the Niata in the Museo de 
La Plata (MLP) and the Museo Argentino 
de Ciencias Naturales (MACN) of Buenos 
Aires. We extracted the DNA following 
the protocol of Kruettli et al. [69], which 
includes cleaning the sample with 2% 
NaOCl to remove surface contamination, 
a 48 hours digest of pulverized material 
in 0.45 EDTA and 10% proteinase K, 
DNA isolation using QiaQuick PCR 
purification columns and DNA elution in 
EB buffer. Samples were genotyped with 
the GeneSeek® Genomic Profiler Bovine 
150K SNP chip and gene called with 
the Illumina® GenomeStudio V2011.1 
software. We analyzed the relationship 
between the Niata samples and 134 cattle 
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breeds, by comparing them to the cattle 
dataset generated by Decker et al. [24]. 
We selected SNPs which were called 
in both our and Decker and colleague’s 
dataset and for which the genotype 
quality score was above 0.5 in all five 
Niata samples, resulting in 2’205 SNPs. 
Maximally five individuals per breed, the 
first ones in the list of samples given by 
Decker et al. [24], were included in the 
principal component analysis (PCA). 
PCA was implemented in PLINK 1.9 and 
plotted using R [54]. 
An ancestry graph was implemented in 
TREEMIX [70]. We generated additional 
graphs with slightly modified parameters, 
e.g., genotype quality filter (GC 0.5, 
GC0.6 or GC 0.7) or sample composition 
(with and without indicine breeds).
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Supplementary Information
‘Resurrecting’ Darwin’s Niata - anatomical, biomechanical, genetic, 
and morphometric studies of morphological novelty in cattle
Skull
von den Driesch 1976 (sin/dex aver-
aged)
MLP 
1126
MLP 
1556
MLP 
1465
ZMB_
Mam_105902
MNHN 
1933-122
1 total length 39.6 36.9 32.6 34.4 37
2 condylobasal length 38.6 37.5 33 34 36
3 basal length 34.3 34.8 30.7 31.7 33
4 small skull length 27.5 27.6 23.4 25.6  -
5 premolar - prosthion 11.7 10.6 9.7 9.4  -
6 neurocranial length 25 23.1 24 20.5  -
7 viscerocranial length 19.2 17.5 13.9 14.9 17.4
8 median frontal length 20 18.5 16.8 18.1 18.5
9 biggest frontal length 20.5 23 20.4 21.7 22.8
10 small upper skull length 28.8 27.2 24.9 26.5 27.3
11 akrokranion - Infraorbital 29.5 30 25.2 28.1  -
12 biggest nasal length 9.1 8.8 7.8 8.6 8.6
13 posterior margin of condylus 
occipitale - entorbitale
23 22.9 18.2 18.7 -
14 lateral face length 23.9 24.5 21 21.4 22.7
15 posterior margin of condylus 
occipitale - infraorbitale
28.5 28.8 23 25.6 -
16 infraorbitale - prosthion 12.5 17.3 10.3 10.5 -
17 prosthion - posterior margin of 
M3
23.3 23.4 20.7 17.6 21.3
18 prosthion - anterior margin of 
palate bone from ventral
16.8 15.2 14 14 14.9
19 premaxillary length 12.2 11 11.4 10.7 12.3
20 length tooth row 11.4 12.4 10.4 11.4 -
21 length molar row 7.5 8.1 7.1 6.8 8.7
22 length premolar row 5.3 5.3 4.6 6.4 -
23 length orbita 5.4 6.5 5.4 5.8 5.8
24 width orbita 6.4 6.7 5.6 6.9 6.6
25 mastoid width 25.5 23.5 17.2 20.7 24.3
26 width between occipital condyli 11.4 10.8 8.8 10.4 9.6
Supplementary Table 1: Measurements of all examined Niata skulls.
128
Chapter IV: Supplementary Information
27 width between the bases of the 
processi jugulare
17.5 17.4 12.4 16 -
28 width foramen magnum 4.3 3.6 3.5 3.1 3.2
29 height foramen magnum 4.5 4 3.4 4.3 3.7
30 parietal width 18.5 16.8 11.1 13.5 14.8
31 width between bases of the 
horns
19.5 22.1 15.9 22.2 16.5
32 smallest frontal width 21.3 20.9 15.2 19 20
33 biggest frontal width between 
orbits
24 24 19.1 21 23.2
34 smallest frontal width between 
orbits
17.5 17 14.2 15 17.6
35 cheek width 19.5 18.5 16.3 15.3 -
36 nasal width  - 7 5.6 6.1 7.6
37 width of os incisivi 8.9 8.7 7.5 7 8.2
38 biggest width between lateral 
margins of alveola
15.2 14.2 13 12.2 -
39 height fossa temporalis 3.7 4 3.3 4.5 4.5
40 biggest height of occipital 17.5 18.5 13.9 15.3 16.4
41 smallest height of occipital 13.3 14.9 10.6 12.3 12.7
42 width between tips of the horns 
(without curvature)
60.5 69 54.2 59 79.2
length P2 1.8 1.6 - - -
width P2 1.6 1.3 - - -
length P3 1.9 1.8 - - -
width P3 1.6 1.5 - - -
length P4 1.9 1.8 1.7 - -
width P4 1.9 1.7 1.9 - -
length M1 2 2.5 2.1 2.8 2.3
width M1 2.1 2 2 1.9 1.9
length M2 2.6 2.9 2.5 3 2.9
width M2 2.2 1.9 2.3 1.7 1.9
length M3 3 2.9 2.8 - 2.6
width M3 2.3 1.6 1.9 - 1.7
Mandible
1 length mandible (gonion cau-
dale - infradentale)
34.7 34.3 30 30 -
2 length mandible (posterior mar-
gin of processus condyloideus 
- infradentale)
32.9 32.3 29 29.6 -
3 width ascending ramus 11.4 10.7 9 9.4 -
4 length body of mandible 23.3 23.2 21.1 22 -
5 gonion caudale - anterior 
alveola p2
24.7 25 21.5 22.9 -
6 gonion caudale - foramen 
mentale
28.4 28.4 25.7 26.6 -
7 length tooth row 13.7 14.4 12.8 13.7 -
8 length molar row 9.3 9.4 8.5 8.4 -
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9 length premolar row 5.1 5.5 4.8 5.8 -
11 length diastema 8.6 8 7.5 7.5 -
12 gonion ventrale - tip processus 
condyloideus
17.7 16.4 15.6 14 -
13 gonion ventrale - ventralmost 
tip of incisura mandibulae
15.5 15 14 13.5 -
14 length ascending ramus 23 21.1 20.2 19.8 -
15a height mandible posterior to m3 8.1 7.7 6.1 6.9 -
15b height mandible between p4 
and m1
5.3 5.4 4.3 4.9 -
15c height mandible anterior to p2 4.1 3.8 3.3 3.6 -
length p2 1 1.1 - - -
width p2 0.9 0.9 - - -
length p3 1.8 1.9 - - -
width p3 1.1 1 - - -
length p4 2.2 2.2 2.1 2.9 -
width p4 1.2 1.2 1.2 1.2 -
length m1 2.2 2.5 2.2 2.7 -
width m1 1.4 1.2 1.2 1.3 -
length m2 2.6 2.8 2.5 2.4 -
width m2 1.5 1.2 1.3 1.2 -
10 length m3 4 3.5 3.7 - -
10 width m3 1.6 1.3 1.3 - -
Material
The cranial and postcranial material examined in this study is housed in following 
institutions: Institut für Haustierkunde (former; now Zoologisches Institut, Popula-
tionsgenetik), Christian-Albrechts-Universität zu Kiel, Germany (IfH), Naturhistorisches 
Museum Basel (NMB), Archäologisch Zoologische Sammlung des Naturhistorischen 
Museums Wien (NHM), Natural History Museum of Denmark, University of Copenhagen 
(SNM-KU), Muséum National d’Histoire Naturelle Paris (MNHN), Museum für Naturkunde 
Berlin (MfN), Museo de la Plata (MLP), Paleontological Institute and Museum University 
of Zurich (PIMUZ), Zentralmagazin Naturwissenschaftlicher Sammlungen – Museum 
für Haustierkunde „Julius Kühn“ – der Martin-Luther-Universität Halle-Wittenberg (ZNS 
Haustierkunde), and Zoological Museum University of Zurich (ZMUZH).
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The basicranial angle
The basicranial angle or prebasial angle describes the relationship between the base of 
the viscerocranium and neurocranium. This angle is divided into three different types: 
lower as 180° are called klinorhynch, higher ones are called airorhynch, and an angle of 
180° is called orthocranial. It was assumed that originally all skulls were orthocranial [1, 
2]. During domestication, the basicranial angle can change substantially, as is the case 
for domesticated dogs were a range from 158° to 183° was described [3, 4]. This range is 
higher in cattle ranging from 158° to 193°. Incidentally, the data shows a gradual change 
from the aurochs to Niata. In pigs, it was suggested that aiorhynchie has an evolutionary 
advantage for feeding. The diet of wild boar and domesticated pigs differs and airorhynchie 
might facilitate a more optimal placement of the lower jaw for the different diet humans 
provided [2]. We used 4 landmarks to obtain basicranial angles as shown and defined in 
Supplementary Figure 1 and Supplementary Table 2.
Supplementary Figure 1: Landmarks used to measure the basicranial angle. I: ven-tral-medial edge of 
foramen magnum, II: suture between presphenoid and vomer in midline, III: posterior-medial tip of the 
horizontal plate of the palatine bone, IV: ventral suture between premaxillary and maxillary bone in midline
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Breed (n: 36) Average Angle StDev n Dorso-Basal Curvature
Abessinian 173  - 1 klinorhynchy
Andalusian 165  - 1 klinorhynchy
Angeln 169 0 2 klinorhynchy
Bos primigenius (Aurochs) 158 1.71 4 klinorhynchy
Brazilian 171 6.24 3 klinorhynchy
Cretan 166 2.83 2 klinorhynchy
Danish Red 174  - 1 klinorhynchy
Dexter 179  - 1 klinorhynchy
Galloway 172  - 1 klinorhynchy
German Black Pied 169  - 1 klinorhynchy
Graubündner (Swiss Brown) 171  - 1 klinorhynchy
Guernsey 168  - 1 klinorhynchy
Hinterwälder 169  - 1 klinorhynchy
Iceland 170 0 2 klinorhynchy
Jamtland 169 3.21 5 klinorhynchy
Japanese 167  - 1 klinorhynchy
Jersey 178 3.64 8 klinorhynchy
Jutland 165 2.12 2 klinorhynchy
Kerry 172  - 1 klinorhynchy
Limousin 167  - 1 klinorhynchy
Longhorn (British) 172  - 1 klinorhynchy
Niata 193 10.61 2 airorhynchy
Red Poll 170  - 1 klinorhynchy
Sanga 160  - 1 klinorhynchy
Sardinian 165 4.24 2 klinorhynchy
Schwyz (Swiss Brown) 170 3.54 2 klinorhynchy
Scottish Highland 168  - 1 klinorhynchy
Shorthorn (British) 169 2.08 3 klinorhynchy
Sicilian 179  - 1 klinorhynchy
Småland 171 7.78 2 klinorhynchy
Spanish Fighting 166 1.99 7 klinorhynchy
Swedish Mountain 170  - 1 klinorhynchy
Watussi 169 2.83 2 klinorhynchy
White Park 169 1.41 2 klinorhynchy
Wilstermarsch (German Red Pied) 168  - 1 klinorhynchy
Zebu 164 6.32 9 klinorhynchy
Supplementary Table 2: Basicranial angle of examined cattle breeds.
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External suture obliteration pattern
We investigated the obliteration of 26 sutures externally to assess first if there are overall 
changes in the obliteration pattern between Niata cattle and other breeds and second 
if changes relating to chondrodysplasia can be detected (Supplementary Figure 2, 
Supplementary Table 3). Suture obliteration is correlated with changes in skull shape. 
Dogs with airorhynch skulls exhibit significant higher closure scores than their klinorhynch 
counterparts and both differ significantly from the wolf [1]. In cattle only the Niata was 
airorhynch all other cattle breeds were klinorhynch. Suture obliteration pattern was not 
different in Niata cattle. The rarity of juvenile Niata skulls, however, does limit hypotheses 
on similarity or differences in the overall obliteration scores. One suture was of greater 
informative value as early fusion of the basioccipital-basisphenoid suture is indicative for 
chondrodysplasia in cattle [2]. The skull ZMB_Mam_105902 can be dated to an individual 
age of 24-30 months based on tooth eruption [3] and exhibits an open suture at this bone 
contact area (Supplementary Figure 3).
Supplementary Figure 2: Sutures used to assess the external suture obliteration pattern during growth of 
Niata and other cattle. Corresponding suture description to numbers are found in Supplementary Table 3.
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Supplementary Figure 3: Ventral view of Niata skull ZMB_Mam_105902. Note the open suture between 
basioccipital and basisphenoid bone and the eruption of the premolars as well as third molar indicating and 
age of 24 – 30 months [3].
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Supplementary Table 3: External suture obliteration in Niata as well as other cattle breeds and corresponding 
relative suture closure score.
 
 
 
 
 
 
  Breed Danish Red Danish Red x x 
  Inventory Number SNM-KU MK 496 SNM-KU MK 497 SNM-KU Nov. 1935 SNM-KU 14/1-1910 
  Age in months 0.23 2 8 9 
  Sex Male Male Male Male 
1 Intermaxillary 0 0 0 0 
2 Internasal 0 0 0 0 
3 Nasal-Maxillary 0 0 0 0 
4 Premaxillary-Maxillary (f) 0 0 0 0 
5 Premaxillary-Maxillary (v) 0 0 0 0 
6 Interpalatine 0 0 0 0 
7 Maxillary-Lacrimal (f) 0 0 0 0 
8 Maxillary-Palatine (v) 0 0 0 0 
9 Jugal-Frontal 0 0 0 0 
10 Lacrimal-Frontal (f) 0 0 0 0 
11 Lacrimal-Frontal (o) 0 0 0 0 
12 Lacrimal-Jugal (f) 0 0 0 0 
13 Lacrimal-Jugal (o) 0 0 0 0 
14 Maxillary-Lacrimal (o) 0 0 0 0 
15 Nasal-Frontal 0 0 0 0 
16 Basisphenoid - Presphenoid 0 0 0 0 
17  Jugal-Squamosal 0 0 0 0 
18 Frontal-Parietal 0 0 1 0 
19 Interfrontal 0 0 0 0 
20 Parietal-Squamosal 0 0 0 0 
21 Supraoccipital-Parietal 0 1 2 2 
22 Basisphenoid-Basioccipital 0 0 0 0 
23 Exoccipital-Basioccipital 0 0 0 1 
24 Exoccipital-Supraoccipital 0 0 0 0 
25 Orbitosphenoid-Frontal 0 0 0 0 
26 Alisphenoid-Squamosal 0 0 0 0 
  Suture Closure Score 0.00 0.04 0.12 0.12 
  Breed German Black Pied German Black Pied German Black Pied German Black Pied 
  Inventory Number IfH 11316 IfH 11318 IfH 11319 IfH 11315 
  Age in months 10 10 10 10 
  Sex Female Female Female Female 
1 Intermaxillary 0 0 0 0 
2 Internasal 0 0 0 0 
3 Nasal-Maxillary 0 0 0 0 
4 Premaxillary-Maxillary (f) 0 0 0 0 
5 Premaxillary-Maxillary (v) 0 0 0 0 
6 Interpalatine 0 0 0 0 
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7 Maxillary-Lacrimal (f) 0 0 0 0 
8 Maxillary-Palatine (v) 0 0 0 0 
9 Jugal-Frontal 0 0 0 0 
10 Lacrimal-Frontal (f) 0 0 0 0 
11 Lacrimal-Frontal (o) 0 0 0 0 
12 Lacrimal-Jugal (f) 0 0 0 0 
13 Lacrimal-Jugal (o) 0 0 0 0 
14 Maxillary-Lacrimal (o) 0 0 0 0 
15 Nasal-Frontal 0 0 0 0 
16 Basisphenoid - Presphenoid 0 0 0 0 
17  Jugal-Squamosal 0 0 0 0 
18 Frontal-Parietal 0 0 0 0 
19 Interfrontal 0 0 0 0 
20 Parietal-Squamosal 0 0 0 0 
21 Supraoccipital-Parietal 2 2 2 2 
22 Basisphenoid-Basioccipital 0 0 0 0 
23 Exoccipital-Basioccipital 0 0 0 0 
24 Exoccipital-Supraoccipital 0 0 0 0 
25 Orbitosphenoid-Frontal 0 0 0 0 
26 Alisphenoid-Squamosal 0 0 0 0 
  Suture Closure Score 0.08 0.08 0.08 0.08 
  Breed German Black Pied x German Black Pied German Black Pied 
  Inventory Number IfH 11317 SNM-KU MK 168 IfH 11361 IfH 11283 
  Age in months 10 12 12.5 15 
  Sex Female Male Female Female 
1 Intermaxillary 0 0 0 0 
2 Internasal 0 0 0 0 
3 Nasal-Maxillary 0 0 0 0 
4 Premaxillary-Maxillary (f) 0 0 0 0 
5 Premaxillary-Maxillary (v) 0 0 0 0 
6 Interpalatine 0 0 0 0 
7 Maxillary-Lacrimal (f) 0 0 0 0 
8 Maxillary-Palatine (v) 0 0 0 0 
9 Jugal-Frontal 0 0 0 0 
10 Lacrimal-Frontal (f) 0 0 0 0 
11 Lacrimal-Frontal (o) 0 0 0 0 
12 Lacrimal-Jugal (f) 0 0 0 0 
13 Lacrimal-Jugal (o) 0 0 0 0 
14 Maxillary-Lacrimal (o) 0 0 0 0 
15 Nasal-Frontal 0 0 0 0 
16 Basisphenoid - Presphenoid 0 0 0 0 
17  Jugal-Squamosal 0 0 0 0 
18 Frontal-Parietal 0 1 0 0 
19 Interfrontal 0 0 0 0 
20 Parietal-Squamosal 0 0 0 0 
21 Supraoccipital-Parietal 2 2 2 2 
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22 Basisphenoid-Basioccipital 0 0 0 0 
23 Exoccipital-Basioccipital 1 2 0 2 
24 Exoccipital-Supraoccipital 0 0 0 0 
25 Orbitosphenoid-Frontal 0 0 0 0 
26 Alisphenoid-Squamosal 0 0 0 0 
  Suture Closure Score 0.12 0.19 0.08 0.15 
  Breed x x x x 
  Inventory Number SNM-KU MK 171 SNM-KU MK 175 IfH 11320 SNM-KU MK 164 
  Age in months 15 15 15 16 
  Sex Male Male Female Male 
1 Intermaxillary 0 0 0 0 
2 Internasal 0 0 0 0 
3 Nasal-Maxillary 0 0 0 0 
4 Premaxillary-Maxillary (f) 0 0 0 0 
5 Premaxillary-Maxillary (v) 0 0 0 0 
6 Interpalatine 0 0 0 0 
7 Maxillary-Lacrimal (f) 0 0 0 0 
8 Maxillary-Palatine (v) 0 0 0 0 
9 Jugal-Frontal 0 0 0 0 
10 Lacrimal-Frontal (f) 0 0 0 0 
11 Lacrimal-Frontal (o) 0 0 0 0 
12 Lacrimal-Jugal (f) 0 0 0 0 
13 Lacrimal-Jugal (o) 0 0 0 0 
14 Maxillary-Lacrimal (o) 0 0 0 0 
15 Nasal-Frontal 0 0 0 0 
16 Basisphenoid - Presphenoid 0 0 0 0 
17  Jugal-Squamosal 0 0 0 0 
18 Frontal-Parietal 0 1 0 1 
19 Interfrontal 0 0 0 0 
20 Parietal-Squamosal 0 0 0 0 
21 Supraoccipital-Parietal 2 2 2 2 
22 Basisphenoid-Basioccipital 0 0 0 0 
23 Exoccipital-Basioccipital 1 2 2 2 
24 Exoccipital-Supraoccipital 0 0 0 0 
25 Orbitosphenoid-Frontal 0 0 0 0 
26 Alisphenoid-Squamosal 0 0 0 0 
  Suture Closure Score 0.12 0.19 0.15 0.19 
  Breed x Hinterwälder x Scottish Highland 
  Inventory Number IfH 11363 IfH 4624 SNM-KU MK 162 SNM-KU MK 571 
  Age in months 16.5 16.5 21 24 
  Sex Female Male Male Male 
1 Intermaxillary 0 0 0 0 
2 Internasal 0 0 0 0 
3 Nasal-Maxillary 0 0 0 0 
4 Premaxillary-Maxillary (f) 0 0 0 0 
5 Premaxillary-Maxillary (v) 0 0 0 0 
138
Chapter IV: Supplementary Information
 
6 Interpalatine 0 0 0 0 
7 Maxillary-Lacrimal (f) 0 0 0 0 
8 Maxillary-Palatine (v) 0 0 0 0 
9 Jugal-Frontal 0 0 0 0 
10 Lacrimal-Frontal (f) 0 0 0 0 
11 Lacrimal-Frontal (o) 0 0 0 0 
12 Lacrimal-Jugal (f) 0 0 0 0 
13 Lacrimal-Jugal (o) 0 0 0 0 
14 Maxillary-Lacrimal (o) 0 0 0 0 
15 Nasal-Frontal 0 0 0 0 
16 Basisphenoid - Presphenoid 0 0 0 0 
17  Jugal-Squamosal 0 0 0 0 
18 Frontal-Parietal 0 1 1 1 
19 Interfrontal 0 0 0 1 
20 Parietal-Squamosal 0 0 0 0 
21 Supraoccipital-Parietal 2 2 2 2 
22 Basisphenoid-Basioccipital 0 0 0 1 
23 Exoccipital-Basioccipital 2 2 2 2 
24 Exoccipital-Supraoccipital 0 0 0 1 
25 Orbitosphenoid-Frontal 0 0 0 1 
26 Alisphenoid-Squamosal 0 0 0 0 
  Suture Closure Score 0.15 0.19 0.19 0.35 
  Breed Niata German Black Pied x Longhorn (British) 
  Inventory Number ZMB_Mam_105902 IfH 11522 IfH 4185 
ZNS Haustierkunde 
B lgh 4 
  Age in months 24 27.5 28 28 
  Sex x x Female Male 
1 Intermaxillary 0 0 0 0 
2 Internasal 0 0 0 0 
3 Nasal-Maxillary 0 0 0 0 
4 Premaxillary-Maxillary (f) 0 0 0 0 
5 Premaxillary-Maxillary (v) 0 0 0 0 
6 Interpalatine 0 0 0 0 
7 Maxillary-Lacrimal (f) 0 0 0 0 
8 Maxillary-Palatine (v) 0 0 0 0 
9 Jugal-Frontal 0 0 0 0 
10 Lacrimal-Frontal (f) 0 0 0 0 
11 Lacrimal-Frontal (o) 0 0 0 0 
12 Lacrimal-Jugal (f) 0 0 0 0 
13 Lacrimal-Jugal (o) 0 0 0 0 
14 Maxillary-Lacrimal (o) 0 0 0 0 
15 Nasal-Frontal 0 0 0 0 
16 Basisphenoid - Presphenoid 0 0 0 0 
17  Jugal-Squamosal 0 0 0 0 
18 Frontal-Parietal 1 0 1 1 
19 Interfrontal 1 0 0 1 
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20 Parietal-Squamosal 0 0 0 0 
21 Supraoccipital-Parietal 2 2 2 2 
22 Basisphenoid-Basioccipital 0 0 1 0 
23 Exoccipital-Basioccipital 2 2 2 0 
24 Exoccipital-Supraoccipital 0 0 1 0 
25 Orbitosphenoid-Frontal 0 0 0 0 
26 Alisphenoid-Squamosal 0 0 0 0 
  Suture Closure Score 0.23 0.15 0.27 0.15 
  Breed Zebu Zebu Polled x 
  Inventory Number IfH 1131 IfH 1130 SNM-KU No. Nmb. SNM-KU MK 174 
  Age in months 30 30 30 30 
  Sex Female Female Male Male 
1 Intermaxillary 0 0 0 0 
2 Internasal 0 0 0 0 
3 Nasal-Maxillary 0 0 0 0 
4 Premaxillary-Maxillary (f) 0 0 0 0 
5 Premaxillary-Maxillary (v) 0 0 0 0 
6 Interpalatine 0 0 0 0 
7 Maxillary-Lacrimal (f) 0 0 0 0 
8 Maxillary-Palatine (v) 0 0 0 0 
9 Jugal-Frontal 0 0 0 0 
10 Lacrimal-Frontal (f) 0 0 0 0 
11 Lacrimal-Frontal (o) 0 0 0 0 
12 Lacrimal-Jugal (f) 0 0 0 0 
13 Lacrimal-Jugal (o) 0 0 0 0 
14 Maxillary-Lacrimal (o) 0 0 0 0 
15 Nasal-Frontal 0 0 0 0 
16 Basisphenoid - Presphenoid 0 0 0 0 
17  Jugal-Squamosal 0 0 0 0 
18 Frontal-Parietal 1 1 0 1 
19 Interfrontal 1 1 0 0 
20 Parietal-Squamosal 0 0 0 0 
21 Supraoccipital-Parietal 2 2 2 2 
22 Basisphenoid-Basioccipital 1 1 0 1 
23 Exoccipital-Basioccipital 2 2 2 2 
24 Exoccipital-Supraoccipital 1 1 0 0 
25 Orbitosphenoid-Frontal 0 0 0 0 
26 Alisphenoid-Squamosal 0 0 0 0 
  Suture Closure Score 0.31 0.31 0.15 0.23 
  Breed Danish Red Danish Red Hinterwälder x 
  Inventory Number SNM-KU 10/4-1957 SNM-KU 7/3 1955 
ZNS Haustierkunde 
B htw 1 IfH 11321 
  Age in months 33 36 36 37 
  Sex Female Female Female Female 
1 Intermaxillary 0 0 0 0 
2 Internasal 0 0 0 0 
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3 Nasal-Maxillary 0 0 0 0 
4 Premaxillary-Maxillary (f) 0 0 0 0 
5 Premaxillary-Maxillary (v) 0 0 0 0 
6 Interpalatine 0 0 0 0 
7 Maxillary-Lacrimal (f) 0 0 0 0 
8 Maxillary-Palatine (v) 0 0 0 0 
9 Jugal-Frontal 0 0 0 0 
10 Lacrimal-Frontal (f) 0 0 0 0 
11 Lacrimal-Frontal (o) 0 0 0 0 
12 Lacrimal-Jugal (f) 0 0 0 0 
13 Lacrimal-Jugal (o) 0 0 0 0 
14 Maxillary-Lacrimal (o) 0 0 0 0 
15 Nasal-Frontal 0 0 0 0 
16 Basisphenoid - Presphenoid 0 0 1 0 
17  Jugal-Squamosal 0 0 0 0 
18 Frontal-Parietal 1 1 1 1 
19 Interfrontal 1 1 1 0 
20 Parietal-Squamosal 0 0 0 1 
21 Supraoccipital-Parietal 2 2 2 2 
22 Basisphenoid-Basioccipital 2 2 2 0 
23 Exoccipital-Basioccipital 2 2 2 2 
24 Exoccipital-Supraoccipital 2 1 2 1 
25 Orbitosphenoid-Frontal 0 0 0 0 
26 Alisphenoid-Squamosal 0 0 0 0 
  Suture Closure Score 0.38 0.35 0.42 0.27 
  Breed Scottish Highland Niata Zebu Spanish Fighting 
  Inventory Number SNM-KU MK 572 MLP 1556 SNM-KU CN 319 SNM-KU CN 2812 
  Age in months 42 48 48 48 
  Sex Male Female Male Male 
1 Intermaxillary 0 0 0 0 
2 Internasal 0 1 1 1 
3 Nasal-Maxillary 0 0 0 0 
4 Premaxillary-Maxillary (f) 0 0 0 0 
5 Premaxillary-Maxillary (v) 0 0 0 0 
6 Interpalatine 0 0 0 0 
7 Maxillary-Lacrimal (f) 0 0 0 0 
8 Maxillary-Palatine (v) 0 0 0 0 
9 Jugal-Frontal 0 0 0 0 
10 Lacrimal-Frontal (f) 0 0 0 0 
11 Lacrimal-Frontal (o) 0 0 0 0 
12 Lacrimal-Jugal (f) 0 0 0 0 
13 Lacrimal-Jugal (o) 0 0 0 0 
14 Maxillary-Lacrimal (o) 0 0 0 0 
15 Nasal-Frontal 0 0 0 0 
16 Basisphenoid - Presphenoid 0 0 0 0 
17  Jugal-Squamosal 0 0 0 0 
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18 Frontal-Parietal 1 1 1 1 
19 Interfrontal 1 1 1 1 
20 Parietal-Squamosal 0 0 1 1 
21 Supraoccipital-Parietal 2 2 2 2 
22 Basisphenoid-Basioccipital 2 2 2 2 
23 Exoccipital-Basioccipital 2 2 2 2 
24 Exoccipital-Supraoccipital 2 1 2 2 
25 Orbitosphenoid-Frontal 1 1 1 0 
26 Alisphenoid-Squamosal 0 0 0 0 
  Suture Closure Score 0.42 0.42 0.50 0.46 
  Breed Spanish Fighting Svensk Fjeldrace Schwyz (Swiss Brown) Shorthorn 
  Inventory Number SNM-KU CN 2815 SNM-KU MK 137 
ZNS Haustierkunde 
B swyz 5 
ZNS Haustierkunde 
B shh 14 
  Age in months 60 60 64 72 
  Sex Male Male Female Male 
1 Intermaxillary 0 0 0 0 
2 Internasal 0 0 0 1 
3 Nasal-Maxillary 0 0 0 0 
4 Premaxillary-Maxillary (f) 0 0 0 0 
5 Premaxillary-Maxillary (v) 0 0 0 0 
6 Interpalatine 0 0 0 0 
7 Maxillary-Lacrimal (f) 0 0 0 0 
8 Maxillary-Palatine (v) 0 0 0 0 
9 Jugal-Frontal 1 0 1 1 
10 Lacrimal-Frontal (f) 1 0 1 1 
11 Lacrimal-Frontal (o) 0 1 1 1 
12 Lacrimal-Jugal (f) 1 0 0 2 
13 Lacrimal-Jugal (o) 1 1 0 1 
14 Maxillary-Lacrimal (o) 0 0 0 0 
15 Nasal-Frontal 0 1 0 0 
16 Basisphenoid - Presphenoid 0 2 2 1 
17  Jugal-Squamosal 0 0 0 0 
18 Frontal-Parietal 1 1 1 1 
19 Interfrontal 1 1 1 1 
20 Parietal-Squamosal 1 1 2 1 
21 Supraoccipital-Parietal 2 2 2 2 
22 Basisphenoid-Basioccipital 1 2 2 2 
23 Exoccipital-Basioccipital 2 2 2 2 
24 Exoccipital-Supraoccipital 2 2 2 2 
25 Orbitosphenoid-Frontal 1 0 1 1 
26 Alisphenoid-Squamosal 1 0 2 1 
  Suture Closure Score 0.62 0.62 0.77 0.81 
  Breed Jersey Niata Dexter Red Danish 
  Inventory Number SNM-KU MK 341 MLP 1465 IfH 33421 RDM 14/11-1959 
  Age in months 84 72 96 99 
  Sex Male Female ? Female Female 
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1 Intermaxillary 0 0 0 0 
2 Internasal 0 1 0 1 
3 Nasal-Maxillary 0 0 0 0 
4 Premaxillary-Maxillary (f) 0 0 0 0 
5 Premaxillary-Maxillary (v) 0 0 0 0 
6 Interpalatine 0 0 0 0 
7 Maxillary-Lacrimal (f) 0 0 0 0 
8 Maxillary-Palatine (v) 0 0 0 0 
9 Jugal-Frontal 0 0 0 1 
10 Lacrimal-Frontal (f) 1 0 1 1 
11 Lacrimal-Frontal (o) 1 0 0 0 
12 Lacrimal-Jugal (f) 0 0 0 0 
13 Lacrimal-Jugal (o) 0 0 1 0 
14 Maxillary-Lacrimal (o) 0 0 0 0 
15 Nasal-Frontal 0 0 0 0 
16 Basisphenoid - Presphenoid 2 2 2 2 
17  Jugal-Squamosal 0 0 0 0 
18 Frontal-Parietal 1 1 1 1 
19 Interfrontal 1 1 1 1 
20 Parietal-Squamosal 1 1 1 1 
21 Supraoccipital-Parietal 2 2 2 2 
22 Basisphenoid-Basioccipital 2 2 2 2 
23 Exoccipital-Basioccipital 2 2 2 2 
24 Exoccipital-Supraoccipital 2 2 2 2 
25 Orbitosphenoid-Frontal 1 2 2 1 
26 Alisphenoid-Squamosal 1 2 1 2 
  Suture Closure Score 0.65 0.69 0.69 0.73 
  Breed Niata x x Angeln 
  Inventory Number MLP 1126 SNM-KU MK 177 SNM-KU MK 176 
ZNS Haustierkunde 
B agl 7 
  Age in months 144 120 124 126 
  Sex Male Male Female Female 
1 Intermaxillary 0 1 1 0 
2 Internasal 2 2 0 0 
3 Nasal-Maxillary 0 0 0 0 
4 Premaxillary-Maxillary (f) 1 0 0 0 
5 Premaxillary-Maxillary (v) 0 1 0 0 
6 Interpalatine 1 0 0 0 
7 Maxillary-Lacrimal (f) 2 1 0 0 
8 Maxillary-Palatine (v) 1 0 0 0 
9 Jugal-Frontal 2 2 1 0 
10 Lacrimal-Frontal (f) 1 1 1 0 
11 Lacrimal-Frontal (o) 2 1 1 0 
12 Lacrimal-Jugal (f) 2 2 0 0 
13 Lacrimal-Jugal (o) 2 2 0 0 
14 Maxillary-Lacrimal (o) 0 0 0 0 
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15 Nasal-Frontal 2 1 0 0 
16 Basisphenoid - Presphenoid 2 2 2 2 
17  Jugal-Squamosal 1 1 0 0 
18 Frontal-Parietal 2 1 1 1 
19 Interfrontal 1 1 1 1 
20 Parietal-Squamosal 2 1 2 1 
21 Supraoccipital-Parietal 2 2 2 2 
22 Basisphenoid-Basioccipital 2 2 2 2 
23 Exoccipital-Basioccipital 2 2 2 2 
24 Exoccipital-Supraoccipital 2 2 2 2 
25 Orbitosphenoid-Frontal 2 2 1 1 
26 Alisphenoid-Squamosal 2 1 1 1 
  Suture Closure Score 1.46 1.19 0.77 0.58 
  Breed x Galloway x German Black Pied 
  Inventory Number SNM-KU MK 166 
ZNS Haustierkunde 
B glw 3 SNM-KU MK 179 IfH 24769 
  Age in months 132 159 174 252 
  Sex Female Female Female Female 
1 Intermaxillary 0 0 0 0 
2 Internasal 0 0 1 1 
3 Nasal-Maxillary 0 0 0 0 
4 Premaxillary-Maxillary (f) 0 0 0 0 
5 Premaxillary-Maxillary (v) 0 0 0 0 
6 Interpalatine 0 0 0 1 
7 Maxillary-Lacrimal (f) 0 0 0 0 
8 Maxillary-Palatine (v) 0 0 1 1 
9 Jugal-Frontal 1 1 1 2 
10 Lacrimal-Frontal (f) 1 1 1 1 
11 Lacrimal-Frontal (o) 1 1 1 2 
12 Lacrimal-Jugal (f) 0 2 1 2 
13 Lacrimal-Jugal (o) 1 1 1 1 
14 Maxillary-Lacrimal (o) 0 0 0 0 
15 Nasal-Frontal 0 0 0 0 
16 Basisphenoid - Presphenoid 2 2 2 2 
17  Jugal-Squamosal 0 1 1 1 
18 Frontal-Parietal 1 1 1 2 
19 Interfrontal 1 1 1 1 
20 Parietal-Squamosal 1 2 2 2 
21 Supraoccipital-Parietal 2 2 2 2 
22 Basisphenoid-Basioccipital 2 2 2 2 
23 Exoccipital-Basioccipital 2 2 2 2 
24 Exoccipital-Supraoccipital 2 2 2 2 
25 Orbitosphenoid-Frontal 2 2 2 2 
26 Alisphenoid-Squamosal 2 2 2 2 
  Suture Closure Score 0.81 0.96 1.00 1.19 
  Breed Jersey x x 
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  Inventory Number IfH 142 SNM-KU MK 161 SNM-KU MK 169 
 
  Age in months 288 318 348 
 
  Sex Female Female Female 
 
1 Intermaxillary 0 0 0 
 
2 Internasal 0 0 1 
 
3 Nasal-Maxillary 0 0 0 
 
4 Premaxillary-Maxillary (f) 0 0 0 
 
5 Premaxillary-Maxillary (v) 0 1 1 
 
6 Interpalatine 0 1 0 
 
7 Maxillary-Lacrimal (f) 0 0 0 
 
8 Maxillary-Palatine (v) 0 1 0 
 
9 Jugal-Frontal 0 1 1 
 
10 Lacrimal-Frontal (f) 1 1 1 
 
11 Lacrimal-Frontal (o) 0 0 0 
 
12 Lacrimal-Jugal (f) 0 1 0 
 
13 Lacrimal-Jugal (o) 0 0 1 
 
14 Maxillary-Lacrimal (o) 0 0 0 
 
15 Nasal-Frontal 0 0 0 
 
16 Basisphenoid - Presphenoid 2 2 2 
 
17  Jugal-Squamosal 1 1 1 
 
18 Frontal-Parietal 1 1 1 
 
19 Interfrontal 1 1 1 
 
20 Parietal-Squamosal 2 1 1 
 
21 Supraoccipital-Parietal 2 2 2 
 
22 Basisphenoid-Basioccipital 2 2 2 
 
23 Exoccipital-Basioccipital 2 2 2 
 24 Exoccipital-Supraoccipital 2 2 2 
 
25 Orbitosphenoid-Frontal 1 1 1 
 
26 Alisphenoid-Squamosal 2 2 1 
 
  Suture Closure Score 0.73 0.88 0.81 
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The size and proportions of the Niata
Mutations causing chondrodysplasia are proven to be breed defining in dogs and cattle 
leading to shortened limbs [1, 2]. A famous example for this in cattle is the Dexter breed 
from Ireland [1, 3]. The height at the withers of Niata cattle was documented by Baldassare 
[4]. We used cranial and postcranial measurements to calculate the weight of the Niata to 
examine (Supplementary Table 4) possible delineations of height to weight in the Niata, 
which could indicate shortening of limb bones [5-7]. We also compared the averaged 
limb length to the length of the vertebra column as additional measure for possible effects 
of chondrodysplasia on Niata. In his description, Darwin [8] also stated that frontlimb 
and hindlimb of the Niata might be disproportional. The relative proportions of the Niata 
were measured using several postcranial measurements. We compared the proportional 
length of hindlimbs and frontlimbs as well as the ratio between limbs and body length. 
For the former, frontlimb length was defined as the sum of lateral lengths of humerus, 
radius, and metacarpal bone. Hindlimb length was defined as the sum of lateral lengths 
of femur, tibia, and metatarsal bone. All in all, we measured the legs of 43 adult animals 
comprising 27 breeds for the comparison of limb length (Supplementary Table 5). Body 
length was measured in seven mounted skeletons by measuring the distance between 
the anterior tip of the first cervical vertebra to the posterior tip of the sacrum in midline. 
This measurement was compared with the averaged limb length of the same skeletons 
(Supplementary Table 6). Here, frontlimb length was defined as distance between the 
ventral tip of the third lateral phalange to the dorsalmost point of the superior angulus of 
the scapula. The hindlimb length is defined as the distance between the ventral tip of the 
third phalange to the dorsalmost tip of the ilium (Supplementary Figure 4). The results 
show that the Niata was of comparable weight and height to other cattle breeds (Figure3) 
as well as there was no disproportional change in frontlimb length to hindlimb length 
(Supplementary Figure 5). We did also not detect any obvious changes in the length 
of the appendicular skeleton compared to the axial skeleton (Supplementary Figure 6). 
Our results show that the Niata exhibits no chondrodysplastic changes to the postcranial 
skeleton typical for a chondrodysplastic condition [1, 2].
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Supplementary Figure 4: Picture of the mounted skeleton MLP 1126. Indicated are the postcranial 
measurements used to compare height and length of the Niata as well as frontlimb and hindlimb length. I: 
cervical-sacrum length; II: length frontlimb; length hindlimb; a: anterior length of scapula; b: lateral length 
of humerus; c: lateral length of radius; d: lateral length of the metacarpal bone; e: length of pelvis; f: lateral 
length of femur; g: lateral length of tibia; h: lateral length of the metatarsal bone.
Supplementary Figure 5: Results of the comparison between frontlimb and hindlimb length among breeds.
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Supplementary Figure 6: Results of the comparison between axial and appendicular skeleton among 
breeds.
source skeletal part measurement (cm) estimated bodyweight (kg)
Scott 1983 humerus length (H2) 32.3 411.63
Anderson et al. 1985 humerus circumference 16.7
femur circumference 15.5 545.06
Janis 1990 m1 length 2.2
m2 length 2.6 335.48
Average 430.73
SD 106.09
Supplementary Table 4: Body size estimates for the Niata specimen MLP 1126.
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Breed Inventory No. Sex
Humerus Radius Metacarpal Femur
length (cm) length (cm) length (cm)
length 
(cm)
Zebu (Indian) ZNS Haustierkunde B i zb 18 Male 31.5 27 14 37
Angeln ZNS Haustierkunde B agl 2 Female 30 28.3 20.5 39.7
Zebu (Indian) ZNS Haustierkunde B i zb 24 Male 35.5 35.2 24 45.5
Angeln ZNS Haustierkunde B agl 7 Female 30.2 29.5 20.3 40.2
Schwyz (Swiss Brown) ZNS Haustierkunde B swyz 5 Female 30 27.5 19.8 40
Holland ZNS Haustierkunde B hld 18 Female 31 28.8 20.1 41.5
Longhorn (British) ZNS Haustierkunde B lgh 1 Female 30.8 28 19.1 40.9
Longhorn (British) ZNS Haustierkunde B lgh 3 Female 31.1 28.2 19.5 40.6
Zebu (Indian) ZNS Haustierkunde B i zb 19 Female 24 24.3 17 31.3
Shorthorn (British) ZNS Haustierkunde B shh 3 Male 35.8 31.6 20.7 47.7
Shorthorn (British) ZNS Haustierkunde B shh 121 Female 31.8 29.8 22.7 42
Jersey ZNS Haustierkunde B jrs 12 Female 27 25.8 18.2 37.2
Jersey ZNS Haustierkunde B jrs 14 Female 30.1 27 19.8 38.8
Jersey ZNS Haustierkunde B jrs 13 Female 28.6 26.8 19 37.7
Hereford ZNS Haustierkunde B hrfd 1 Female 32.4 30.4 22 43.1
Breitenburger ZNS HaustierkundeB brtb 5 Female 31.9 29.5 21.7 42.7
Jersey ZNS Haustierkunde B jrs 10 Male 33.8 29.2 19.9 43.3
Vogelsberger ZNS Haustierkunde B vgb 3 Female 29.6 27.5 19.7 39.7
Vogtländer ZNS Haustierkunde B vgtl 2 Female 31 29.7 21.5 41.1
Ansbach-Triesdorfer ZNS Haustierkunde B ans-tr 1 Female 30.2 28.2 21 40.4
Simmental ZNS Haustierkunde B sim 13 Female 31.5 29.4 21.7 42.3
Silesian Red ZNS Haustierkunde B sl rtv 2 Female 32.4 29.6 21.5 42.6
Watussi ZNS Haustierkunde B wa 2 Female 29.8 28.5 19.9 40.1
Hungarian Grey ZNS Haustierkunde B ug stp 4 ? 30.5 29.8 21.2 41.1
Devon ZNS Haustierkunde B dv 2 Female 26.8 24.8 17.6 35.6
Podolian ZNS Haustierkunde B pd stp 1 Female 32.2 30.4 20.9 43.3
Prätigauer ZNS Haustierkunde B prtg 4 Female 33.8 31.2 22.1 45.8
Prätigauer ZNS Haustierkunde B prtg 3 Female 31.3 29.5 20.8 42.3
Frisian Red ZNS Haustierkunde B fr r 1 Female 30 28.6 20.9 40
Devon ZNS Haustierkunde B dv 4 Female 30.4 26.4 18.8 39
Dwarf Zebu IfH 20159 Female 23.7 22.4 14.7 29.3
Black Pied IfH 16507 Female 31.7 29.2 20.6 41.6
Black Pied IfH 24769 Female 30 27.9 19.9 40.3
Heck IfH 32545  - 32.8 29.8 19.5 41.2
Watussi IfH 8664 Female 30.8 31.3 21.3 40.2
Watussi IfH 1574 Male 32.3 31.2 20.9 44.6
Niata MLP 1126 Male 32.2 29.9 19.5 41.2
Supplementary Table 5: Postcranial measurements to compare frontlimb and hindlimb length between 
breeds.
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Breed Inventory No. Sex
Tibia Metatar-sal Frontleg Hindleg
length (cm) length (cm) length (cm)
length 
(cm)
Zebu (Indian) ZNS Haustierkunde B i zb 18 Male 31.8 17.5 72.5 86.3
Angeln ZNS Haustierkunde B agl 2 Female 32.5 23.5 78.8 95.7
Zebu (Indian) ZNS Haustierkunde B i zb 24 Male 40 28 94.7 113.5
Angeln ZNS Haustierkunde B agl 7 Female 33.8 23.2 80 97.2
Schwyz (Swiss Brown) ZNS Haustierkunde B swyz 5 Female 31.3 22.8 77.3 94.1
Holland ZNS Haustierkunde B hld 18 Female 32.5 23.5 79.9 97.5
Longhorn (British) ZNS Haustierkunde B lgh 1 Female 33 22.7 77.9 96.6
Longhorn (British) ZNS Haustierkunde B lgh 3 Female 32.5 22.5 78.8 95.6
Zebu (Indian) ZNS Haustierkunde B i zb 19 Female 27.5 20.5 65.3 79.3
Shorthorn (British) ZNS Haustierkunde B shh 3 Male 34.2 24.9 88.1 106.8
Shorthorn (British) ZNS Haustierkunde B shh 121 Female 33 26 84.3 101
Jersey ZNS Haustierkunde B jrs 12 Female 29.4 21 71 87.6
Jersey ZNS Haustierkunde B jrs 14 Female 32.6 22.9 76.9 94.3
Jersey ZNS Haustierkunde B jrs 13 Female 31.8 22 74.4 91.5
Hereford ZNS Haustierkunde B hrfd 1 Female 34.5 24.9 84.8 102.5
Breitenburger ZNS HaustierkundeB brtb 5 Female 32.5 24.5 83.1 99.7
Jersey ZNS Haustierkunde B jrs 10 Male 34.6 23.3 82.9 101.2
Vogelsberger ZNS Haustierkunde B vgb 3 Female 31.9 23 76.8 94.6
Vogtländer ZNS Haustierkunde B vgtl 2 Female 34.2 25.2 82.2 100.5
Ansbach-Triesdorfer ZNS Haustierkunde B ans-tr 1 Female 32.5 24 79.4 96.9
Simmental ZNS Haustierkunde B sim 13 Female 33.7 25 82.6 101
Silesian Red ZNS Haustierkunde B sl rtv 2 Female 33 24.5 83.5 100.1
Watussi ZNS Haustierkunde B wa 2 Female 33.9 23.1 78.2 97.1
Hungarian Grey ZNS Haustierkunde B ug stp 4 ? 34.8 25.2 81.5 101.1
Devon ZNS Haustierkunde B dv 2 Female 28.4 20 69.2 84
Podolian ZNS Haustierkunde B pd stp 1 Female 33.5 24.3 83.5 101.1
Prätigauer ZNS Haustierkunde B prtg 4 Female 34.6 24.8 87.1 105.2
Prätigauer ZNS Haustierkunde B prtg 3 Female 32.3 24 81.6 98.6
Frisian Red ZNS Haustierkunde B fr r 1 Female 31.3 23.8 79.5 95.1
Devon ZNS Haustierkunde B dv 4 Female 31 22.1 75.6 92.1
Dwarf Zebu IfH 20159 Female 24.8 17.5 60.8 71.6
Black Pied IfH 16507 Female 31.4 23.5 81.5 96.5
Black Pied IfH 24769 Female 30.5 22.8 77.8 93.6
Heck IfH 32545  - 33.9 23.2 82.1 98.3
Watussi IfH 8664 Female 34.4 25 83.4 99.6
Watussi IfH 1574 Male 34.9 24.4 84.4 103.9
Niata MLP 1126 Male 33 22.8 81.6 97
Supplementary Table 5 (continued): Postcranial measurements to compare frontlimb and hindlimb length 
between breeds.
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Breed Ca. No. Sex Frontleg (cm)
Hindleg 
(cm)
Average Leg Length 
(cm)
Cervical-Sacrum Length 
(cm)
Kerry ZNS Haustierkunde B kry 3 Female 89.5 97 93.25 145
Watussi ZNS Haustierkunde B wa 1 Male 128.5 136.5 132.5 192
Zebu (Indian) ZNS Haustierkunde B i zb 20 Female 89.7 93.5 91.6 133.5
Indian Dwarf Zebu ZNS Haustierkunde B zw zb 1 Female 69.5 69 69.25 92
Holland ZNS Haustierkunde B hld 22 Female 126 136 131 201
Niata MLP 1126 Male 124.5 127.5 126 197
Red Pied IfH 7218 Male 124.8 126.6 125.7 212.7
Supplementary Table 6: Postcranial measurements to compare axial and appendicular skeleton between 
breeds.
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Geometric morphometrics
On the skull we digitized 53 landmarks (Supplementary Figure 7, Supplementary Table 
7). Custom frame was used in MUS 6.0.1 to acquire landmarks on the dorsal and 
ventral part of the skull. Three reference landmarks (3, 4, and 30) were taken to set 
the frame and, after turning the skull, the same three reference landmarks were taken 
(Supplementary Figure 7). With this, the complete skull was landmarked. On the lower 
jaw we digitized 12 landmarks using the default setting for the frame (Supplementary 
Figure 8, Supplementary Table 8). The shape of the lower jaw was analyzed using the 
same procedure as described for the skulls in the main text. The first three PC-axes of 
the PCA on lower jaws reflects 52 percent of the overall shape variation (Supplementary 
Figure 10). PC-axis 1 reflects 30 percent, PC-axis 2 13 percent, and PC-axis 3 9 
percent of the overall shape variation. The shape changes of the lower jaw in PC1-
axis reflect the Niata condition. On the positive side of the axis the lower jaw is curved 
upwards. The second PC-axis is mostly defined by landmark 7 reflecting the difference 
in curvature of the angulus in cattle. The axis of PC3 shows the different extensions of 
the dental row. We used Procrustes distances to assess the difference among shapes 
by breed (Supplementary Table 9, Supplementary Table 10). The distances in skulls 
are extensively discussed in the main text. In the lower jaw the Niata are most different 
from Bos primigenius (PD: 0.18), Heck (PD: 0.15), and Walchshofer (PD: 0.15). These 
distances are shorter than observed in the skulls. However, the closest breeds to the 
Niata in lower jaw shape are further removed than in skulls. These close breeds are 
Vogtlaender (PD: 0.09), Normand (PD: 0.09), and Tuxer (PD: 0.10).
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Supplementary Figure 7: Landmarks on the skull used in this study. Indicated in blue are the landmarks 
used for custom frame to rotate the skull.
Supplementary Figure 8: Landmarks on the lower jaw used in this study.
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Supplementary Figure 9: Principal Component Analysis of the lower jaw shapes of different cattle breeds. 
Top left, bottom left and bottom right are the comparisons between PC1, PC2, and PC3. Top right are the 
associated shape changes.
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Supplementary Figure 10: Eigenvalues of the PC-axes from PCA on the skulls (a) and lower jaws (b) of 
different cattle breeds.
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LM Definition
1 Medialmost point of the alveolar process (premaxilla) sin
2 Medialmost point of the alveolar process (premaxilla) dext
3 Lateralmost point of the anterior part of the premaxilla sin
4 Lateralmost point of the anterior part of the premaxilla dext
5 Inferior-lateral sutureboarder between premaxilla and maxilla sin
6 Inferior-lateral sutureboarder between premaxilla and maxilla dxt
7 Superior-posteriormost point of the premaxillary bone (nasal process) sin
8 Superior-posteriormost point of the premaxillary bone (nasal process) dxt
9 Anteriormost point of the medial processus of the nasal bone sin
10 Anteriormost point of the medial processus of the nasal bone dxt
11 Medial boarder between nasal bone and frontal bone
12 Boarder between lacrimal, maxillar and zygomatic bone sin
13 Boarder between lacrimal, maxillar and zygomatic bone dxt
14 Inferior suture between lacrimal bone and orbit sin
15 Inferior suture between lacrimal bone and orbit dxt
16 Superior suture between lacrimal bone and orbit sin
17 Superior suture between lacrimal bone and orbit dxt
18 Superiormost point of the orbit sin
19 Superiormost point of the orbit dxt
20 Boarder between frontal and temporal bone in the orbit sin
21 Boarder between frontal and temporal bone in the orbit dxt
22 Inferiormost point of the orbit sin
23 Inferiormost point of the orbit dxt
24 Anteriormost point of the zygomatic bone behind the orbit sin
25 Anteriormost point of the zygomatic bone behind the orbit dxt
26 Boarder between frontal and temporal bone behind the orbit sin
27 Boarder between frontal and temporal bone behind the orbit dxt
28 Superiormost point of the zygomatic arch sin
29 Superiormost point of the zygomatic arch dxt
30 Posteriormost point of the frontal bone in the midline
31 Medial-posteriormost point of the fossa temporalis sin
32 Medial-posteriormost point of the fossa temporalis dxt
33 Superiormost point of the occipital articulation surface sin
34 Superiormost point of the occipital articulation surface dxt
35 Lateralmost point of the occipital articulation surface sin
36 Lateralmost point of the occipital articulation surface dxt
Skull turned around
37 Anteriormost point of the palatine fissure sin 
38 Anteriormost point of the palatine fissure dext 
39 Inferior-medial sutureborder between premaxilla and maxilla sin
40 Inferior-medial sutureborder between premaxilla and maxilla dxt
41 Inferior-medial sutureborder between premaxilla (palatine process) and maxilla
42 Anterior boarder of premolar 2 sin
43 Anterior boarder of premolar 2 dext
Supplementary Table 7: Definition of the landmarks used on the skull in this study.
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44 Posterior boarder of molar 3 sin
45 Posterior boarder of molar 3 dext
46 Posteriormost point of the horizontal part of the palatal bone (in the midline)
47 Posteriormost suturepoint between zygomatic and temporal bone from ventral sin
48 Posteriormost suturepoint between zygomatic and temporal bone from ventral dxt
49 Inferior-medial boarder of the foramen magnum
50 Medialmost point of the flexure between dorsal and ventral part of the occipital articulation sur-
face sin
51 Medialmost point of the flexure between dorsal and ventral part of the occipital articulation sur-
face dxt
52 Tip of the notch above the opening of the acoustic canal sin
53 Tip of the notch above the opening of the acoustic canal dxt
LM Definition
1 Medial boarder between bone and root of I1 sin.
2 Lateralmost point of the incisor-shovel sin.
3 Posterior boarder of the mental foramen sin.
4 Ventralmost point of the posterior beginning of the symphysis sin.
5 Anterior boarder mandibel and premolar 2 sin
6 Posterior boarder mandibel and molar 3 sin
7 Middlepoint of curvature of the angulus sin.
8 Ventralmost midpoint of the mandibular notch sin.
9 Lateralmost point of the condylar process sin.
10 Medialmost point of the condylar process sin.
11 Tip of thr coronoid process sin.
12 Ventral boarder of the mandibular foramen sin.
Supplementary Table 8: Definition of the landmarks used on the lower jaw in this study.
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Ayrshire
Blondvieh: Blondvieh: Blondvieh: Blondvieh: Blondvieh:
Carinthian Lavanttaler Mariahofer Murbodner Waldviertler
Ayrshire 0.041 0.046 0.048 0.042 0.041
Blondvieh: Carinthian 0.041 0.023 0.044 0.022 0.024
Blondvieh: Lavanttaler 0.046 0.023 0.040 0.030 0.029
Blondvieh: Mariahofer 0.048 0.044 0.040 0.045 0.047
Blondvieh: Murbodner 0.042 0.022 0.030 0.045 0.032
Blondvieh: Waldviertler 0.041 0.024 0.029 0.047 0.032
Bos primigenius (Aurochs) 0.071 0.061 0.059 0.074 0.061 0.057
Brazilian 0.057 0.049 0.050 0.048 0.044 0.051
Montafon 0.046 0.020 0.025 0.044 0.024 0.024
Buša 0.046 0.039 0.037 0.050 0.042 0.028
Chianina 0.057 0.043 0.043 0.060 0.046 0.038
Chillingham 0.063 0.068 0.065 0.064 0.070 0.060
Devon 0.033 0.034 0.038 0.039 0.033 0.036
Egerlaender 0.061 0.038 0.036 0.056 0.041 0.044
Hérens 0.042 0.056 0.055 0.048 0.053 0.053
Fjällko 0.039 0.029 0.034 0.052 0.038 0.025
Bern Red Pied 0.045 0.019 0.024 0.044 0.024 0.028
Freiburg Red Pied 0.058 0.043 0.048 0.054 0.043 0.047
Simmental 0.042 0.040 0.043 0.040 0.038 0.042
South Moravian Red Pied 0.045 0.026 0.029 0.042 0.030 0.034
Rubia Gallega 0.075 0.054 0.060 0.079 0.053 0.051
Allgaeuer Grey 0.055 0.044 0.046 0.040 0.046 0.046
Krainer Grey 0.046 0.044 0.047 0.053 0.040 0.041
Oberinntaler Grey 0.033 0.030 0.032 0.041 0.029 0.032
Haná-Berne 0.055 0.031 0.036 0.056 0.034 0.031
Iceland 0.033 0.049 0.054 0.055 0.049 0.045
Jersey 0.049 0.067 0.067 0.051 0.065 0.067
Jersey (polled) 0.047 0.063 0.065 0.048 0.059 0.064
Jutland 0.053 0.036 0.039 0.062 0.044 0.031
Kampeten: Styrian Bergscheck 0.035 0.031 0.029 0.035 0.032 0.029
Kampeten: Welser Schecken 0.062 0.046 0.047 0.059 0.048 0.044
Kerry 0.035 0.033 0.038 0.052 0.038 0.027
Cretan 0.064 0.059 0.055 0.057 0.060 0.049
Kuhlaender 0.041 0.020 0.026 0.042 0.021 0.022
Landschlag von Warnsdorf 0.053 0.047 0.052 0.049 0.045 0.050
Landschlag von Winkelsdorf 0.069 0.041 0.044 0.066 0.049 0.042
Landschlag X Simmental 0.057 0.034 0.037 0.056 0.035 0.040
Limousin 0.040 0.040 0.045 0.040 0.035 0.048
Moravian Landschlag 0.043 0.036 0.043 0.042 0.034 0.038
Normande 0.040 0.046 0.044 0.038 0.046 0.053
North Wales 0.040 0.027 0.033 0.043 0.028 0.025
White Park 0.055 0.059 0.059 0.058 0.062 0.050
Pinzgauer 0.035 0.029 0.036 0.037 0.024 0.034
Pinzgauer X Scottish Highland 0.059 0.054 0.051 0.053 0.048 0.061
Supplementary Table 9: Procrustes distances among skulls from cattle breeds represented in morphospace.
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Pinzgauer X Simmentaler 0.051 0.062 0.063 0.053 0.053 0.061
Pinzgauer: Moelltaler 0.051 0.027 0.032 0.045 0.027 0.030
Pinzgauer: Pustertaler 0.072 0.075 0.071 0.059 0.072 0.075
Pirenaica 0.033 0.035 0.039 0.036 0.038 0.036
Red Poll 0.063 0.070 0.070 0.053 0.069 0.070
Maas-Rhein-Ijsselschlag 0.033 0.027 0.031 0.037 0.030 0.027
Danish Red 0.049 0.028 0.030 0.051 0.038 0.030
Angeln 0.043 0.041 0.040 0.045 0.038 0.038
Bohemian Red 0.041 0.019 0.024 0.043 0.023 0.020
Polish Red 0.053 0.033 0.036 0.055 0.039 0.027
Sanga 0.083 0.061 0.060 0.080 0.068 0.059
Sardinian 0.057 0.042 0.041 0.060 0.047 0.046
Scheinfelder 0.059 0.043 0.043 0.056 0.043 0.042
Schoenhengster 0.047 0.022 0.025 0.047 0.025 0.023
Holland Black Pied 0.046 0.043 0.045 0.041 0.045 0.043
Andalusian Black 0.053 0.035 0.034 0.053 0.039 0.033
Sweden (Jaemtland or Vatterbot-
ten)
0.058 0.059 0.060 0.075 0.065 0.060
Scottish Highland 0.050 0.057 0.060 0.050 0.050 0.056
Sicilian 0.062 0.058 0.058 0.062 0.052 0.064
Småland 0.053 0.044 0.048 0.066 0.050 0.036
South Devon 0.046 0.026 0.035 0.052 0.031 0.029
Spanish Fighting Cattle 0.054 0.059 0.057 0.051 0.058 0.060
Buchara Grey 0.127 0.103 0.104 0.122 0.108 0.098
Hungarian Grey 0.044 0.036 0.042 0.042 0.031 0.043
Hungarian Grey X Bern Red Pied 0.067 0.066 0.072 0.066 0.063 0.070
Sudeten 0.044 0.031 0.037 0.047 0.036 0.031
Sudeten X Simmental 0.042 0.049 0.047 0.046 0.052 0.052
Sudeten X Tesstal? 0.051 0.040 0.046 0.048 0.040 0.047
Tarentaise 0.043 0.047 0.041 0.041 0.048 0.044
Telemark 0.036 0.034 0.037 0.050 0.035 0.024
Tudanca 0.054 0.037 0.040 0.052 0.040 0.034
Tuxer 0.081 0.090 0.088 0.067 0.085 0.090
Heck 0.037 0.040 0.044 0.048 0.038 0.034
Niata 0.200 0.218 0.217 0.192 0.210 0.221
Veredelter Landschlag 0.054 0.042 0.045 0.059 0.041 0.044
Vogtlaender 0.037 0.042 0.045 0.040 0.038 0.048
Waldviertler X Scheinfelder 0.044 0.036 0.036 0.039 0.041 0.039
Watussi 0.055 0.039 0.044 0.061 0.041 0.045
Zebu 0.068 0.051 0.051 0.072 0.058 0.045
Zebu (Africa) 0.067 0.060 0.062 0.078 0.056 0.057
Zebu (Asian) 0.053 0.055 0.056 0.058 0.052 0.055
Zebu (Indian) 0.070 0.050 0.050 0.067 0.055 0.046
Zillertaler 0.051 0.059 0.058 0.043 0.055 0.058
Bos primige-
nius Brazilian Montafon Buša Chianina Chillingham
(Aurochs)
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Ayrshire 0.071 0.057 0.046 0.046 0.057 0.063
Blondvieh: Carinthian 0.061 0.049 0.020 0.039 0.043 0.068
Blondvieh: Lavanttaler 0.059 0.050 0.025 0.037 0.043 0.065
Blondvieh: Mariahofer 0.074 0.048 0.044 0.050 0.060 0.064
Blondvieh: Murbodner 0.061 0.044 0.024 0.042 0.046 0.070
Blondvieh: Waldviertler 0.057 0.051 0.024 0.028 0.038 0.060
Bos primigenius (Aurochs) 0.058 0.055 0.063 0.057 0.079
Brazilian 0.058 0.043 0.056 0.054 0.070
Montafon 0.055 0.043 0.034 0.039 0.064
Buša 0.063 0.056 0.034 0.047 0.056
Chianina 0.057 0.054 0.039 0.047 0.075
Chillingham 0.079 0.070 0.064 0.056 0.075
Devon 0.072 0.045 0.036 0.040 0.048 0.064
Egerlaender 0.070 0.061 0.039 0.053 0.055 0.086
Hérens 0.080 0.058 0.055 0.050 0.073 0.054
Fjällko 0.065 0.060 0.034 0.029 0.047 0.065
Bern Red Pied 0.059 0.046 0.020 0.039 0.043 0.069
Freiburg Red Pied 0.065 0.050 0.043 0.063 0.049 0.081
Simmental 0.066 0.036 0.038 0.049 0.054 0.063
South Moravian Red Pied 0.057 0.042 0.028 0.046 0.046 0.067
Rubia Gallega 0.064 0.063 0.048 0.056 0.051 0.086
Allgaeuer Grey 0.064 0.046 0.044 0.055 0.063 0.065
Krainer Grey 0.065 0.050 0.044 0.053 0.048 0.073
Oberinntaler Grey 0.060 0.049 0.030 0.040 0.051 0.059
Haná-Berne 0.051 0.052 0.031 0.047 0.044 0.076
Iceland 0.075 0.061 0.052 0.045 0.065 0.058
Jersey 0.100 0.072 0.071 0.066 0.080 0.077
Jersey (polled) 0.094 0.067 0.064 0.062 0.076 0.074
Jutland 0.056 0.061 0.036 0.037 0.042 0.067
Kampeten: Styrian Bergscheck 0.056 0.045 0.029 0.034 0.050 0.056
Kampeten: Welser Schecken 0.044 0.055 0.042 0.055 0.049 0.074
Kerry 0.061 0.053 0.032 0.026 0.046 0.055
Cretan 0.077 0.057 0.054 0.041 0.049 0.068
Kuhlaender 0.059 0.046 0.023 0.036 0.040 0.066
Landschlag von Warnsdorf 0.086 0.057 0.052 0.051 0.066 0.077
Landschlag von Winkelsdorf 0.063 0.064 0.043 0.052 0.050 0.083
Landschlag X Simmental 0.068 0.057 0.033 0.045 0.052 0.074
Limousin 0.079 0.045 0.044 0.054 0.059 0.075
Moravian Landschlag 0.070 0.049 0.039 0.045 0.055 0.067
Normande 0.084 0.057 0.050 0.060 0.061 0.077
North Wales 0.062 0.041 0.027 0.035 0.039 0.058
White Park 0.084 0.070 0.058 0.041 0.068 0.060
Pinzgauer 0.067 0.042 0.031 0.044 0.046 0.065
Pinzgauer X Scottish Highland 0.074 0.065 0.053 0.065 0.075 0.078
Pinzgauer X Simmentaler 0.089 0.061 0.063 0.067 0.073 0.075
Pinzgauer: Moelltaler 0.060 0.040 0.024 0.042 0.035 0.069
Pinzgauer: Pustertaler 0.084 0.068 0.071 0.078 0.082 0.078
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Pirenaica 0.071 0.043 0.038 0.042 0.049 0.061
Red Poll 0.083 0.058 0.069 0.070 0.082 0.066
Maas-Rhein-Ijsselschlag 0.066 0.048 0.029 0.031 0.043 0.063
Danish Red 0.068 0.062 0.033 0.039 0.049 0.072
Angeln 0.059 0.045 0.037 0.036 0.051 0.055
Bohemian Red 0.059 0.049 0.022 0.032 0.042 0.067
Polish Red 0.065 0.058 0.032 0.028 0.043 0.065
Sanga 0.074 0.078 0.058 0.058 0.062 0.086
Sardinian 0.070 0.061 0.043 0.055 0.051 0.081
Scheinfelder 0.061 0.050 0.040 0.043 0.051 0.073
Schoenhengster 0.057 0.049 0.020 0.035 0.042 0.067
Holland Black Pied 0.061 0.044 0.043 0.049 0.057 0.061
Andalusian Black 0.044 0.044 0.028 0.037 0.044 0.064
Sweden (Jaemtland or Vatterbot-
ten)
0.086 0.091 0.064 0.059 0.080 0.086
Scottish Highland 0.075 0.046 0.054 0.060 0.068 0.063
Sicilian 0.069 0.058 0.059 0.073 0.072 0.091
Småland 0.068 0.067 0.044 0.036 0.054 0.063
South Devon 0.065 0.050 0.028 0.038 0.036 0.071
Spanish Fighting Cattle 0.066 0.050 0.055 0.059 0.075 0.056
Buchara Grey 0.106 0.112 0.098 0.099 0.092 0.117
Hungarian Grey 0.067 0.033 0.037 0.051 0.051 0.069
Hungarian Grey X Bern Red Pied 0.080 0.048 0.067 0.077 0.073 0.089
Sudeten 0.065 0.052 0.037 0.044 0.048 0.069
Sudeten X Simmental 0.088 0.069 0.056 0.055 0.071 0.068
Sudeten X Tesstal? 0.071 0.048 0.044 0.055 0.055 0.078
Tarentaise 0.068 0.056 0.046 0.045 0.063 0.054
Telemark 0.059 0.054 0.034 0.031 0.040 0.060
Tudanca 0.055 0.046 0.033 0.042 0.036 0.068
Tuxer 0.102 0.076 0.088 0.092 0.099 0.084
Heck 0.065 0.044 0.039 0.039 0.047 0.055
Niata 0.236 0.199 0.218 0.221 0.226 0.210
Veredelter Landschlag 0.070 0.059 0.044 0.049 0.059 0.072
Vogtlaender 0.079 0.051 0.047 0.056 0.064 0.073
Waldviertler X Scheinfelder 0.075 0.054 0.041 0.044 0.061 0.063
Watussi 0.067 0.062 0.042 0.053 0.059 0.083
Zebu 0.074 0.073 0.048 0.041 0.053 0.076
Zebu (Africa) 0.075 0.070 0.057 0.054 0.069 0.085
Zebu (Asian) 0.079 0.060 0.057 0.060 0.055 0.081
Zebu (Indian) 0.071 0.065 0.045 0.050 0.045 0.080
Zillertaler 0.080 0.053 0.058 0.064 0.068 0.070
Devon Egerlaender Hérens Fjällko Bern Red Pied
Freiburg
Red Pied
Ayrshire 0.033 0.061 0.042 0.039 0.045 0.058
Blondvieh: Carinthian 0.034 0.038 0.056 0.029 0.019 0.043
Blondvieh: Lavanttaler 0.038 0.036 0.055 0.034 0.024 0.048
Blondvieh: Mariahofer 0.039 0.056 0.048 0.052 0.044 0.054
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Blondvieh: Murbodner 0.033 0.041 0.053 0.038 0.024 0.043
Blondvieh: Waldviertler 0.036 0.044 0.053 0.025 0.028 0.047
Bos primigenius (Aurochs) 0.072 0.070 0.080 0.065 0.059 0.065
Brazilian 0.045 0.061 0.058 0.060 0.046 0.050
Montafon 0.036 0.039 0.055 0.034 0.020 0.043
Buša 0.040 0.053 0.050 0.029 0.039 0.063
Chianina 0.048 0.055 0.073 0.047 0.043 0.049
Chillingham 0.064 0.086 0.054 0.065 0.069 0.081
Devon 0.052 0.044 0.036 0.035 0.050
Egerlaender 0.052 0.071 0.048 0.035 0.053
Hérens 0.044 0.071 0.054 0.055 0.067
Fjällko 0.036 0.048 0.054 0.034 0.057
Bern Red Pied 0.035 0.035 0.055 0.034 0.040
Freiburg Red Pied 0.050 0.053 0.067 0.057 0.040
Simmental 0.035 0.056 0.040 0.050 0.037 0.044
South Moravian Red Pied 0.041 0.046 0.052 0.042 0.029 0.045
Rubia Gallega 0.064 0.062 0.087 0.060 0.054 0.063
Allgaeuer Grey 0.049 0.057 0.054 0.055 0.045 0.050
Krainer Grey 0.046 0.059 0.058 0.051 0.047 0.046
Oberinntaler Grey 0.035 0.048 0.041 0.036 0.029 0.046
Haná-Berne 0.049 0.042 0.065 0.040 0.032 0.044
Iceland 0.041 0.071 0.042 0.041 0.052 0.067
Jersey 0.049 0.080 0.050 0.063 0.070 0.076
Jersey (polled) 0.048 0.079 0.051 0.064 0.065 0.074
Jutland 0.051 0.054 0.068 0.031 0.040 0.058
Kampeten: Styrian Bergscheck 0.034 0.048 0.040 0.037 0.029 0.049
Kampeten: Welser Schecken 0.061 0.058 0.072 0.056 0.044 0.052
Kerry 0.034 0.055 0.048 0.024 0.036 0.056
Cretan 0.049 0.069 0.067 0.054 0.060 0.070
Kuhlaender 0.032 0.040 0.052 0.032 0.024 0.044
Landschlag von Warnsdorf 0.039 0.057 0.051 0.048 0.050 0.060
Landschlag von Winkelsdorf 0.061 0.049 0.080 0.047 0.043 0.061
Landschlag X Simmental 0.047 0.040 0.067 0.044 0.034 0.059
Limousin 0.029 0.056 0.050 0.049 0.043 0.050
Moravian Landschlag 0.036 0.056 0.049 0.044 0.041 0.051
Normande 0.036 0.058 0.053 0.053 0.048 0.059
North Wales 0.027 0.049 0.049 0.035 0.030 0.044
White Park 0.047 0.071 0.051 0.045 0.061 0.076
Pinzgauer 0.025 0.050 0.044 0.041 0.031 0.039
Pinzgauer X Scottish Highland 0.060 0.056 0.062 0.066 0.050 0.066
Pinzgauer X Simmentaler 0.047 0.074 0.045 0.068 0.061 0.059
Pinzgauer: Moelltaler 0.035 0.042 0.060 0.041 0.025 0.039
Pinzgauer: Pustertaler 0.073 0.083 0.066 0.084 0.072 0.079
Pirenaica 0.030 0.057 0.045 0.042 0.040 0.050
Red Poll 0.062 0.086 0.055 0.075 0.069 0.077
Maas-Rhein-Ijsselschlag 0.024 0.047 0.046 0.026 0.031 0.049
Danish Red 0.043 0.039 0.065 0.029 0.032 0.056
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Angeln 0.037 0.057 0.040 0.042 0.040 0.054
Bohemian Red 0.034 0.037 0.051 0.027 0.022 0.044
Polish Red 0.043 0.049 0.063 0.030 0.038 0.061
Sanga 0.072 0.062 0.093 0.061 0.062 0.081
Sardinian 0.051 0.049 0.076 0.051 0.044 0.062
Scheinfelder 0.046 0.051 0.064 0.047 0.040 0.056
Schoenhengster 0.039 0.038 0.053 0.032 0.021 0.044
Holland Black Pied 0.044 0.061 0.046 0.049 0.044 0.052
Andalusian Black 0.045 0.046 0.061 0.041 0.032 0.050
Sweden (Jaemtland or Vatterbot-
ten)
0.066 0.065 0.072 0.045 0.062 0.082
Scottish Highland 0.048 0.075 0.042 0.064 0.057 0.060
Sicilian 0.061 0.064 0.067 0.067 0.058 0.064
Småland 0.052 0.061 0.064 0.033 0.048 0.067
South Devon 0.031 0.045 0.062 0.030 0.031 0.048
Spanish Fighting Cattle 0.056 0.075 0.045 0.065 0.058 0.068
Buchara Grey 0.113 0.106 0.135 0.105 0.103 0.112
Hungarian Grey 0.031 0.054 0.049 0.048 0.036 0.042
Hungarian Grey X Bern Red Pied 0.059 0.078 0.068 0.076 0.067 0.062
Sudeten 0.040 0.047 0.054 0.035 0.037 0.046
Sudeten X Simmental 0.045 0.064 0.043 0.048 0.053 0.067
Sudeten X Tesstal? 0.040 0.056 0.058 0.048 0.043 0.050
Tarentaise 0.047 0.061 0.041 0.051 0.046 0.061
Telemark 0.034 0.054 0.050 0.027 0.036 0.051
Tudanca 0.046 0.052 0.064 0.040 0.037 0.049
Tuxer 0.079 0.102 0.064 0.097 0.088 0.089
Heck 0.031 0.059 0.044 0.040 0.042 0.048
Niata 0.200 0.226 0.183 0.224 0.217 0.210
Veredelter Landschlag 0.048 0.057 0.060 0.047 0.046 0.060
Vogtlaender 0.035 0.058 0.040 0.051 0.044 0.050
Waldviertler X Scheinfelder 0.035 0.053 0.047 0.041 0.037 0.055
Watussi 0.048 0.047 0.069 0.046 0.039 0.057
Zebu 0.057 0.058 0.078 0.045 0.052 0.073
Zebu (Africa) 0.060 0.069 0.072 0.057 0.058 0.075
Zebu (Asian) 0.045 0.066 0.068 0.058 0.056 0.063
Zebu (Indian) 0.056 0.053 0.079 0.054 0.049 0.063
Zillertaler 0.051 0.073 0.043 0.067 0.059 0.061
Simmental
South Mora-
vian Rubia Gallega Allgaeuer Grey Krainer Grey
Oberinntaler
Red Pied Grey
Ayrshire 0.042 0.045 0.075 0.055 0.046 0.033
Blondvieh: Carinthian 0.040 0.026 0.054 0.044 0.044 0.030
Blondvieh: Lavanttaler 0.043 0.029 0.060 0.046 0.047 0.032
Blondvieh: Mariahofer 0.040 0.042 0.079 0.040 0.053 0.041
Blondvieh: Murbodner 0.038 0.030 0.053 0.046 0.040 0.029
Blondvieh: Waldviertler 0.042 0.034 0.051 0.046 0.041 0.032
Bos primigenius (Aurochs) 0.066 0.057 0.064 0.064 0.065 0.060
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Brazilian 0.036 0.042 0.063 0.046 0.050 0.049
Montafon 0.038 0.028 0.048 0.044 0.044 0.030
Buša 0.049 0.046 0.056 0.055 0.053 0.040
Chianina 0.054 0.046 0.051 0.063 0.048 0.051
Chillingham 0.063 0.067 0.086 0.065 0.073 0.059
Devon 0.035 0.041 0.064 0.049 0.046 0.035
Egerlaender 0.056 0.046 0.062 0.057 0.059 0.048
Hérens 0.040 0.052 0.087 0.054 0.058 0.041
Fjällko 0.050 0.042 0.060 0.055 0.051 0.036
Bern Red Pied 0.037 0.029 0.054 0.045 0.047 0.029
Freiburg Red Pied 0.044 0.045 0.063 0.050 0.046 0.046
Simmental 0.032 0.070 0.040 0.045 0.033
South Moravian Red Pied 0.032 0.062 0.041 0.044 0.031
Rubia Gallega 0.070 0.062 0.075 0.063 0.065
Allgaeuer Grey 0.040 0.041 0.075 0.055 0.044
Krainer Grey 0.045 0.044 0.063 0.055 0.042
Oberinntaler Grey 0.033 0.031 0.065 0.044 0.042
Haná-Berne 0.047 0.036 0.050 0.052 0.047 0.038
Iceland 0.044 0.051 0.078 0.059 0.053 0.039
Jersey 0.057 0.068 0.100 0.067 0.065 0.060
Jersey (polled) 0.053 0.062 0.092 0.065 0.060 0.053
Jutland 0.059 0.047 0.053 0.061 0.055 0.046
Kampeten: Styrian Bergscheck 0.032 0.029 0.066 0.038 0.043 0.019
Kampeten: Welser Schecken 0.052 0.041 0.058 0.055 0.051 0.046
Kerry 0.043 0.042 0.055 0.055 0.047 0.032
Cretan 0.060 0.061 0.065 0.065 0.063 0.063
Kuhlaender 0.037 0.027 0.054 0.044 0.041 0.029
Landschlag von Warnsdorf 0.047 0.051 0.076 0.054 0.057 0.050
Landschlag von Winkelsdorf 0.064 0.048 0.056 0.061 0.064 0.057
Landschlag X Simmental 0.054 0.043 0.053 0.060 0.058 0.044
Limousin 0.034 0.042 0.073 0.050 0.049 0.041
Moravian Landschlag 0.035 0.036 0.067 0.043 0.046 0.035
Normande 0.046 0.047 0.083 0.058 0.054 0.046
North Wales 0.035 0.035 0.050 0.047 0.040 0.034
White Park 0.057 0.064 0.078 0.066 0.069 0.057
Pinzgauer 0.027 0.031 0.064 0.041 0.035 0.026
Pinzgauer X Scottish Highland 0.061 0.052 0.086 0.057 0.064 0.049
Pinzgauer X Simmentaler 0.047 0.061 0.089 0.059 0.057 0.052
Pinzgauer: Moelltaler 0.037 0.031 0.049 0.045 0.043 0.037
Pinzgauer: Pustertaler 0.062 0.066 0.102 0.063 0.072 0.062
Pirenaica 0.033 0.035 0.067 0.047 0.040 0.036
Red Poll 0.053 0.059 0.098 0.055 0.069 0.060
Maas-Rhein-Ijsselschlag 0.037 0.036 0.060 0.046 0.043 0.032
Danish Red 0.057 0.044 0.057 0.056 0.055 0.043
Angeln 0.035 0.039 0.065 0.045 0.048 0.035
Bohemian Red 0.037 0.027 0.054 0.044 0.042 0.026
Polish Red 0.053 0.042 0.051 0.058 0.056 0.044
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Sanga 0.084 0.072 0.058 0.082 0.081 0.073
Sardinian 0.062 0.052 0.059 0.066 0.058 0.052
Scheinfelder 0.048 0.048 0.050 0.058 0.056 0.047
Schoenhengster 0.037 0.028 0.052 0.046 0.042 0.029
Holland Black Pied 0.034 0.034 0.074 0.041 0.047 0.038
Andalusian Black 0.043 0.038 0.047 0.052 0.051 0.039
Sweden (Jaemtland or Vatterbot-
ten)
0.080 0.070 0.090 0.079 0.080 0.059
Scottish Highland 0.040 0.049 0.081 0.050 0.046 0.048
Sicilian 0.057 0.052 0.087 0.055 0.062 0.056
Småland 0.060 0.056 0.057 0.067 0.062 0.048
South Devon 0.047 0.041 0.047 0.055 0.048 0.043
Spanish Fighting Cattle 0.044 0.050 0.086 0.053 0.062 0.045
Buchara Grey 0.121 0.110 0.078 0.119 0.117 0.117
Hungarian Grey 0.030 0.035 0.063 0.045 0.043 0.035
Hungarian Grey X Bern Red Pied 0.048 0.059 0.086 0.061 0.064 0.066
Sudeten 0.042 0.036 0.066 0.045 0.046 0.038
Sudeten X Simmental 0.051 0.051 0.090 0.060 0.060 0.045
Sudeten X Tesstal? 0.042 0.040 0.070 0.052 0.048 0.046
Tarentaise 0.041 0.045 0.080 0.049 0.055 0.033
Telemark 0.045 0.041 0.055 0.053 0.039 0.034
Tudanca 0.050 0.037 0.054 0.050 0.048 0.045
Tuxer 0.068 0.078 0.119 0.071 0.082 0.079
Heck 0.036 0.042 0.061 0.052 0.039 0.037
Niata 0.192 0.207 0.246 0.199 0.203 0.205
Veredelter Landschlag 0.050 0.045 0.064 0.060 0.061 0.044
Vogtlaender 0.034 0.041 0.081 0.048 0.044 0.036
Waldviertler X Scheinfelder 0.040 0.042 0.072 0.044 0.058 0.037
Watussi 0.056 0.051 0.061 0.062 0.063 0.045
Zebu 0.071 0.062 0.054 0.076 0.072 0.061
Zebu (Africa) 0.065 0.065 0.064 0.081 0.069 0.057
Zebu (Asian) 0.056 0.057 0.074 0.069 0.061 0.057
Zebu (Indian) 0.066 0.056 0.052 0.072 0.065 0.059
Zillertaler 0.040 0.049 0.090 0.052 0.050 0.048
Haná-Berne Iceland Jersey Jersey (polled) Jutland
Kampeten:
Styrian Berg-
scheck
Ayrshire 0.055 0.033 0.049 0.047 0.053 0.035
Blondvieh: Carinthian 0.031 0.049 0.067 0.063 0.036 0.031
Blondvieh: Lavanttaler 0.036 0.054 0.067 0.065 0.039 0.029
Blondvieh: Mariahofer 0.056 0.055 0.051 0.048 0.062 0.035
Blondvieh: Murbodner 0.034 0.049 0.065 0.059 0.044 0.032
Blondvieh: Waldviertler 0.031 0.045 0.067 0.064 0.031 0.029
Bos primigenius (Aurochs) 0.051 0.075 0.100 0.094 0.056 0.056
Brazilian 0.052 0.061 0.072 0.067 0.061 0.045
Montafon 0.031 0.052 0.071 0.064 0.036 0.029
Buša 0.047 0.045 0.066 0.062 0.037 0.034
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Chianina 0.044 0.065 0.080 0.076 0.042 0.050
Chillingham 0.076 0.058 0.077 0.074 0.067 0.056
Devon 0.049 0.041 0.049 0.048 0.051 0.034
Egerlaender 0.042 0.071 0.080 0.079 0.054 0.048
Hérens 0.065 0.042 0.050 0.051 0.068 0.040
Fjällko 0.040 0.041 0.063 0.064 0.031 0.037
Bern Red Pied 0.032 0.052 0.070 0.065 0.040 0.029
Freiburg Red Pied 0.044 0.067 0.076 0.074 0.058 0.049
Simmental 0.047 0.044 0.057 0.053 0.059 0.032
South Moravian Red Pied 0.036 0.051 0.068 0.062 0.047 0.029
Rubia Gallega 0.050 0.078 0.100 0.092 0.053 0.066
Allgaeuer Grey 0.052 0.059 0.067 0.065 0.061 0.038
Krainer Grey 0.047 0.053 0.065 0.060 0.055 0.043
Oberinntaler Grey 0.038 0.039 0.060 0.053 0.046 0.019
Haná-Berne 0.058 0.080 0.076 0.041 0.040
Iceland 0.058 0.054 0.050 0.056 0.041
Jersey 0.080 0.054 0.045 0.081 0.060
Jersey (polled) 0.076 0.050 0.045 0.080 0.054
Jutland 0.041 0.056 0.081 0.080 0.045
Kampeten: Styrian Bergscheck 0.040 0.041 0.060 0.054 0.045
Kampeten: Welser Schecken 0.040 0.068 0.090 0.080 0.049 0.045
Kerry 0.042 0.036 0.065 0.059 0.035 0.033
Cretan 0.065 0.062 0.069 0.070 0.057 0.057
Kuhlaender 0.030 0.045 0.064 0.060 0.038 0.029
Landschlag von Warnsdorf 0.057 0.053 0.051 0.060 0.063 0.048
Landschlag von Winkelsdorf 0.043 0.070 0.090 0.089 0.045 0.054
Landschlag X Simmental 0.043 0.063 0.078 0.074 0.048 0.045
Limousin 0.055 0.046 0.048 0.046 0.061 0.043
Moravian Landschlag 0.047 0.043 0.056 0.051 0.054 0.035
Normande 0.063 0.056 0.048 0.046 0.065 0.046
North Wales 0.038 0.044 0.062 0.059 0.038 0.034
White Park 0.065 0.045 0.062 0.064 0.060 0.054
Pinzgauer 0.042 0.042 0.052 0.045 0.052 0.029
Pinzgauer X Scottish Highland 0.063 0.073 0.080 0.073 0.070 0.047
Pinzgauer X Simmentaler 0.070 0.058 0.049 0.053 0.078 0.054
Pinzgauer: Moelltaler 0.033 0.055 0.071 0.066 0.043 0.036
Pinzgauer: Pustertaler 0.079 0.081 0.083 0.073 0.088 0.058
Pirenaica 0.050 0.041 0.051 0.047 0.051 0.034
Red Poll 0.079 0.063 0.069 0.061 0.084 0.053
Maas-Rhein-Ijsselschlag 0.042 0.040 0.053 0.050 0.040 0.031
Danish Red 0.040 0.057 0.072 0.071 0.035 0.043
Angeln 0.049 0.043 0.059 0.054 0.051 0.033
Bohemian Red 0.029 0.045 0.063 0.059 0.038 0.027
Polish Red 0.040 0.052 0.073 0.072 0.034 0.042
Sanga 0.063 0.085 0.106 0.101 0.056 0.070
Sardinian 0.051 0.066 0.082 0.078 0.049 0.051
Scheinfelder 0.044 0.058 0.079 0.071 0.052 0.046
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Schoenhengster 0.028 0.048 0.070 0.065 0.038 0.030
Holland Black Pied 0.048 0.048 0.064 0.058 0.057 0.034
Andalusian Black 0.035 0.056 0.082 0.075 0.040 0.035
Sweden (Jaemtland or Vatterbot-
ten)
0.069 0.065 0.079 0.083 0.060 0.062
Scottish Highland 0.064 0.052 0.060 0.051 0.071 0.046
Sicilian 0.063 0.072 0.072 0.076 0.074 0.053
Småland 0.047 0.048 0.077 0.076 0.038 0.052
South Devon 0.039 0.052 0.067 0.065 0.037 0.043
Spanish Fighting Cattle 0.067 0.056 0.071 0.064 0.071 0.040
Buchara Grey 0.101 0.126 0.149 0.144 0.091 0.115
Hungarian Grey 0.047 0.049 0.059 0.054 0.056 0.038
Hungarian Grey X Bern Red Pied 0.069 0.072 0.075 0.074 0.082 0.065
Sudeten 0.039 0.049 0.059 0.065 0.045 0.038
Sudeten X Simmental 0.065 0.049 0.043 0.052 0.066 0.046
Sudeten X Tesstal? 0.048 0.053 0.062 0.063 0.057 0.045
Tarentaise 0.056 0.048 0.060 0.056 0.058 0.029
Telemark 0.038 0.040 0.062 0.059 0.034 0.036
Tudanca 0.042 0.060 0.077 0.074 0.037 0.041
Tuxer 0.099 0.085 0.077 0.069 0.106 0.073
Heck 0.046 0.038 0.056 0.055 0.047 0.038
Niata 0.228 0.202 0.174 0.176 0.237 0.204
Veredelter Landschlag 0.044 0.049 0.072 0.070 0.053 0.046
Vogtlaender 0.055 0.046 0.043 0.045 0.065 0.037
Waldviertler X Scheinfelder 0.051 0.048 0.061 0.059 0.053 0.034
Watussi 0.046 0.061 0.080 0.075 0.054 0.047
Zebu 0.056 0.067 0.091 0.087 0.045 0.059
Zebu (Africa) 0.057 0.059 0.089 0.081 0.063 0.061
Zebu (Asian) 0.062 0.061 0.065 0.066 0.063 0.057
Zebu (Indian) 0.052 0.074 0.093 0.086 0.049 0.058
Zillertaler 0.067 0.059 0.055 0.049 0.075 0.045
Kampeten:
Kerry Cretan Kuhlaender
Landschlag Landschlag
Welser Sche-
cken
von Warnsdorf von Winkelsdorf
Ayrshire 0.062 0.035 0.064 0.041 0.053 0.069
Blondvieh: Carinthian 0.046 0.033 0.059 0.020 0.047 0.041
Blondvieh: Lavanttaler 0.047 0.038 0.055 0.026 0.052 0.044
Blondvieh: Mariahofer 0.059 0.052 0.057 0.042 0.049 0.066
Blondvieh: Murbodner 0.048 0.038 0.060 0.021 0.045 0.049
Blondvieh: Waldviertler 0.044 0.027 0.049 0.022 0.050 0.042
Bos primigenius (Aurochs) 0.044 0.061 0.077 0.059 0.086 0.063
Brazilian 0.055 0.053 0.057 0.046 0.057 0.064
Montafon 0.042 0.032 0.054 0.023 0.052 0.043
Buša 0.055 0.026 0.041 0.036 0.051 0.052
Chianina 0.049 0.046 0.049 0.040 0.066 0.050
Chillingham 0.074 0.055 0.068 0.066 0.077 0.083
Devon 0.061 0.034 0.049 0.032 0.039 0.061
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Egerlaender 0.058 0.055 0.069 0.040 0.057 0.049
Hérens 0.072 0.048 0.067 0.052 0.051 0.080
Fjällko 0.056 0.024 0.054 0.032 0.048 0.047
Bern Red Pied 0.044 0.036 0.060 0.024 0.050 0.043
Freiburg Red Pied 0.052 0.056 0.070 0.044 0.060 0.061
Simmental 0.052 0.043 0.060 0.037 0.047 0.064
South Moravian Red Pied 0.041 0.042 0.061 0.027 0.051 0.048
Rubia Gallega 0.058 0.055 0.065 0.054 0.076 0.056
Allgaeuer Grey 0.055 0.055 0.065 0.044 0.054 0.061
Krainer Grey 0.051 0.047 0.063 0.041 0.057 0.064
Oberinntaler Grey 0.046 0.032 0.063 0.029 0.050 0.057
Haná-Berne 0.040 0.042 0.065 0.030 0.057 0.043
Iceland 0.068 0.036 0.062 0.045 0.053 0.070
Jersey 0.090 0.065 0.069 0.064 0.051 0.090
Jersey (polled) 0.080 0.059 0.070 0.060 0.060
Jutland 0.049 0.035 0.057 0.038 0.063 0.045
Kampeten: Styrian Bergscheck 0.045 0.033 0.057 0.029 0.048 0.054
Kampeten: Welser Schecken 0.050 0.070 0.044 0.075 0.056
Kerry 0.050 0.052 0.034 0.053 0.054
Cretan 0.070 0.052 0.052 0.059 0.065
Kuhlaender 0.044 0.034 0.052 0.045 0.043
Landschlag von Warnsdorf 0.075 0.053 0.059 0.045 0.067
Landschlag von Winkelsdorf 0.056 0.054 0.065 0.043 0.067
Landschlag X Simmental 0.058 0.045 0.062 0.034 0.058 0.042
Limousin 0.065 0.048 0.059 0.038 0.045 0.068
Moravian Landschlag 0.054 0.041 0.057 0.031 0.044 0.060
Normande 0.069 0.054 0.067 0.047 0.058 0.074
North Wales 0.049 0.029 0.045 0.024 0.045 0.051
White Park 0.076 0.045 0.052 0.055 0.052 0.074
Pinzgauer 0.051 0.038 0.056 0.027 0.041 0.059
Pinzgauer X Scottish Highland 0.064 0.067 0.086 0.055 0.071 0.075
Pinzgauer X Simmentaler 0.078 0.063 0.074 0.056 0.053 0.088
Pinzgauer: Moelltaler 0.043 0.040 0.050 0.025 0.049 0.046
Pinzgauer: Pustertaler 0.073 0.080 0.087 0.071 0.084 0.094
Pirenaica 0.056 0.037 0.051 0.035 0.047 0.061
Red Poll 0.074 0.067 0.079 0.068 0.068 0.089
Maas-Rhein-Ijsselschlag 0.054 0.029 0.046 0.025 0.043 0.053
Danish Red 0.055 0.038 0.057 0.034 0.056 0.043
Angeln 0.053 0.033 0.052 0.037 0.049 0.061
Bohemian Red 0.044 0.030 0.053 0.018 0.043 0.041
Polish Red 0.054 0.033 0.044 0.029 0.052 0.040
Sanga 0.075 0.066 0.067 0.064 0.083 0.054
Sardinian 0.062 0.054 0.065 0.044 0.069 0.051
Scheinfelder 0.054 0.044 0.053 0.040 0.056 0.055
Schoenhengster 0.042 0.033 0.057 0.020 0.048 0.042
Holland Black Pied 0.047 0.044 0.062 0.042 0.056 0.063
Andalusian Black 0.040 0.035 0.056 0.037 0.061 0.046
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Sweden (Jaemtland or Vatterbot-
ten)
0.082 0.058 0.086 0.063 0.074 0.073
Scottish Highland 0.066 0.054 0.071 0.054 0.057 0.082
Sicilian 0.071 0.070 0.086 0.057 0.064 0.075
Småland 0.062 0.032 0.055 0.043 0.064 0.055
South Devon 0.056 0.033 0.049 0.029 0.049 0.045
Spanish Fighting Cattle 0.060 0.053 0.076 0.059 0.069 0.080
Buchara Grey 0.100 0.104 0.094 0.102 0.125 0.091
Hungarian Grey 0.055 0.044 0.058 0.035 0.048 0.061
Hungarian Grey X Bern Red Pied 0.070 0.070 0.077 0.063 0.067 0.084
Sudeten 0.057 0.042 0.058 0.030 0.045 0.049
Sudeten X Simmental 0.076 0.053 0.070 0.050 0.052 0.072
Sudeten X Tesstal? 0.059 0.048 0.065 0.042 0.046 0.064
Tarentaise 0.058 0.045 0.065 0.044 0.060 0.068
Telemark 0.048 0.024 0.051 0.030 0.051 0.054
Tudanca 0.045 0.043 0.051 0.036 0.057 0.047
Tuxer 0.093 0.092 0.097 0.086 0.085 0.109
Heck 0.056 0.032 0.049 0.036 0.044 0.063
Niata 0.227 0.219 0.216 0.214 0.198 0.241
Veredelter Landschlag 0.060 0.046 0.061 0.037 0.056 0.052
Vogtlaender 0.067 0.051 0.069 0.040 0.043 0.070
Waldviertler X Scheinfelder 0.062 0.043 0.060 0.037 0.047 0.057
Watussi 0.062 0.050 0.073 0.044 0.060 0.057
Zebu 0.066 0.048 0.052 0.051 0.070 0.051
Zebu (Africa) 0.069 0.051 0.068 0.056 0.072 0.070
Zebu (Asian) 0.067 0.058 0.056 0.048 0.063 0.072
Zebu (Indian) 0.056 0.053 0.054 0.047 0.071 0.053
Zillertaler 0.067 0.062 0.072 0.054 0.062 0.083
Landschlag
Limousin
Moravian
Normande North Wales White Park
X Simmental Landschlag
Ayrshire 0.057 0.040 0.043 0.040 0.040 0.055
Blondvieh: Carinthian 0.034 0.040 0.036 0.046 0.027 0.059
Blondvieh: Lavanttaler 0.037 0.045 0.043 0.044 0.033 0.059
Blondvieh: Mariahofer 0.056 0.040 0.042 0.038 0.043 0.058
Blondvieh: Murbodner 0.035 0.035 0.034 0.046 0.028 0.062
Blondvieh: Waldviertler 0.040 0.048 0.038 0.053 0.025 0.050
Bos primigenius (Aurochs) 0.068 0.079 0.070 0.084 0.062 0.084
Brazilian 0.057 0.045 0.049 0.057 0.041 0.070
Montafon 0.033 0.044 0.039 0.050 0.027 0.058
Buša 0.045 0.054 0.045 0.060 0.035 0.041
Chianina 0.052 0.059 0.055 0.061 0.039 0.068
Chillingham 0.074 0.075 0.067 0.077 0.058 0.060
Devon 0.047 0.029 0.036 0.036 0.027 0.047
Egerlaender 0.040 0.056 0.056 0.058 0.049 0.071
Hérens 0.067 0.050 0.049 0.053 0.049 0.051
Fjällko 0.044 0.049 0.044 0.053 0.035 0.045
Bern Red Pied 0.034 0.043 0.041 0.048 0.030 0.061
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Freiburg Red Pied 0.059 0.050 0.051 0.059 0.044 0.076
Simmental 0.054 0.034 0.035 0.046 0.035 0.057
South Moravian Red Pied 0.043 0.042 0.036 0.047 0.035 0.064
Rubia Gallega 0.053 0.073 0.067 0.083 0.050 0.078
Allgaeuer Grey 0.060 0.050 0.043 0.058 0.047 0.066
Krainer Grey 0.058 0.049 0.046 0.054 0.040 0.069
Oberinntaler Grey 0.044 0.041 0.035 0.046 0.034 0.057
Haná-Berne 0.043 0.055 0.047 0.063 0.038 0.065
Iceland 0.063 0.046 0.043 0.056 0.044 0.045
Jersey 0.078 0.048 0.056 0.048 0.062 0.062
Jersey (polled) 0.074 0.046 0.051 0.046 0.059 0.064
Jutland 0.048 0.061 0.054 0.065 0.038 0.060
Kampeten: Styrian Bergscheck 0.045 0.043 0.035 0.046 0.034 0.054
Kampeten: Welser Schecken 0.058 0.065 0.054 0.069 0.049 0.076
Kerry 0.045 0.048 0.041 0.054 0.029 0.045
Cretan 0.062 0.059 0.057 0.067 0.045 0.052
Kuhlaender 0.034 0.038 0.031 0.047 0.024 0.055
Landschlag von Warnsdorf 0.058 0.045 0.044 0.058 0.045 0.052
Landschlag von Winkelsdorf 0.042 0.068 0.060 0.074 0.051 0.074
Landschlag X Simmental 0.055 0.050 0.060 0.040 0.069
Limousin 0.055 0.035 0.034 0.037 0.061
Moravian Landschlag 0.050 0.035 0.050 0.036 0.055
Normande 0.060 0.034 0.050 0.047 0.067
North Wales 0.040 0.037 0.036 0.047 0.050
White Park 0.069 0.061 0.055 0.067 0.050
Pinzgauer 0.046 0.027 0.028 0.038 0.028 0.057
Pinzgauer X Scottish Highland 0.060 0.062 0.061 0.058 0.063 0.083
Pinzgauer X Simmentaler 0.073 0.044 0.050 0.053 0.053 0.068
Pinzgauer: Moelltaler 0.039 0.042 0.039 0.052 0.026 0.061
Pinzgauer: Pustertaler 0.082 0.073 0.072 0.069 0.073 0.090
Pirenaica 0.053 0.034 0.036 0.037 0.030 0.054
Red Poll 0.081 0.066 0.060 0.068 0.067 0.075
Maas-Rhein-Ijsselschlag 0.044 0.032 0.032 0.038 0.024 0.044
Danish Red 0.039 0.052 0.050 0.052 0.037 0.058
Angeln 0.049 0.046 0.040 0.052 0.035 0.050
Bohemian Red 0.035 0.040 0.032 0.048 0.028 0.052
Polish Red 0.035 0.055 0.044 0.062 0.033 0.050
Sanga 0.060 0.087 0.081 0.088 0.064 0.075
Sardinian 0.047 0.058 0.061 0.056 0.047 0.072
Scheinfelder 0.047 0.054 0.050 0.064 0.038 0.054
Schoenhengster 0.035 0.045 0.035 0.053 0.029 0.056
Holland Black Pied 0.061 0.047 0.039 0.051 0.043 0.060
Andalusian Black 0.043 0.055 0.049 0.063 0.035 0.059
Sweden (Jaemtland or Vatterbot-
ten)
0.069 0.074 0.072 0.070 0.070 0.068
Scottish Highland 0.071 0.049 0.047 0.057 0.049 0.068
Sicilian 0.070 0.060 0.059 0.062 0.065 0.084
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Småland 0.050 0.062 0.055 0.069 0.041 0.049
South Devon 0.040 0.044 0.042 0.050 0.027 0.054
Spanish Fighting Cattle 0.070 0.059 0.055 0.061 0.057 0.070
Buchara Grey 0.098 0.124 0.115 0.131 0.099 0.116
Hungarian Grey 0.050 0.029 0.037 0.042 0.030 0.064
Hungarian Grey X Bern Red Pied 0.081 0.052 0.058 0.067 0.061 0.083
Sudeten 0.049 0.045 0.036 0.053 0.037 0.055
Sudeten X Simmental 0.061 0.047 0.052 0.040 0.052 0.057
Sudeten X Tesstal? 0.057 0.042 0.039 0.052 0.042 0.063
Tarentaise 0.056 0.051 0.046 0.051 0.047 0.058
Telemark 0.047 0.047 0.041 0.052 0.026 0.047
Tudanca 0.048 0.056 0.049 0.061 0.037 0.064
Tuxer 0.100 0.076 0.075 0.077 0.086 0.095
Heck 0.055 0.041 0.040 0.052 0.025 0.046
Niata 0.226 0.190 0.199 0.190 0.211 0.215
Veredelter Landschlag 0.048 0.049 0.043 0.062 0.041 0.059
Vogtlaender 0.058 0.029 0.036 0.035 0.043 0.063
Waldviertler X Scheinfelder 0.050 0.041 0.042 0.046 0.036 0.050
Watussi 0.050 0.056 0.053 0.062 0.050 0.066
Zebu 0.052 0.072 0.065 0.076 0.051 0.058
Zebu (Africa) 0.060 0.065 0.062 0.079 0.056 0.068
Zebu (Asian) 0.063 0.046 0.053 0.052 0.049 0.068
Zebu (Indian) 0.049 0.069 0.062 0.071 0.049 0.069
Zillertaler 0.072 0.047 0.051 0.047 0.054 0.072
Pinzgauer
Pinzgauer Pinzgauer Pinzgauer: Pinzgauer:
PirenaicaX Scottish 
Highland
X Simmental Moelltaler Pustertaler
Ayrshire 0.035 0.059 0.051 0.051 0.072 0.033
Blondvieh: Carinthian 0.029 0.054 0.062 0.027 0.075 0.035
Blondvieh: Lavanttaler 0.036 0.051 0.063 0.032 0.071 0.039
Blondvieh: Mariahofer 0.037 0.053 0.053 0.045 0.059 0.036
Blondvieh: Murbodner 0.024 0.048 0.053 0.027 0.072 0.038
Blondvieh: Waldviertler 0.034 0.061 0.061 0.030 0.075 0.036
Bos primigenius (Aurochs) 0.067 0.074 0.089 0.060 0.084 0.071
Brazilian 0.042 0.065 0.061 0.040 0.068 0.043
Montafon 0.031 0.053 0.063 0.024 0.071 0.038
Buša 0.044 0.065 0.067 0.042 0.078 0.042
Chianina 0.046 0.075 0.073 0.035 0.082 0.049
Chillingham 0.065 0.078 0.075 0.069 0.078 0.061
Devon 0.025 0.060 0.047 0.035 0.073 0.030
Egerlaender 0.050 0.056 0.074 0.042 0.083 0.057
Hérens 0.044 0.062 0.045 0.060 0.066 0.045
Fjällko 0.041 0.066 0.068 0.041 0.084 0.042
Bern Red Pied 0.031 0.050 0.061 0.025 0.072 0.040
Freiburg Red Pied 0.039 0.066 0.059 0.039 0.079 0.050
Simmental 0.027 0.061 0.047 0.037 0.062 0.033
South Moravian Red Pied 0.031 0.052 0.061 0.031 0.066 0.035
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Rubia Gallega 0.064 0.086 0.089 0.049 0.102 0.067
Allgaeuer Grey 0.041 0.057 0.059 0.045 0.063 0.047
Krainer Grey 0.035 0.064 0.057 0.043 0.072 0.040
Oberinntaler Grey 0.026 0.049 0.052 0.037 0.062 0.036
Haná-Berne 0.042 0.063 0.070 0.033 0.079 0.050
Iceland 0.042 0.073 0.058 0.055 0.081 0.041
Jersey 0.052 0.080 0.049 0.071 0.083 0.051
Jersey (polled) 0.045 0.073 0.053 0.066 0.073 0.047
Jutland 0.052 0.070 0.078 0.043 0.088 0.051
Kampeten: Styrian Bergscheck 0.029 0.047 0.054 0.036 0.058 0.034
Kampeten: Welser Schecken 0.051 0.064 0.078 0.043 0.073 0.056
Kerry 0.038 0.067 0.063 0.040 0.080 0.037
Cretan 0.056 0.086 0.074 0.050 0.087 0.051
Kuhlaender 0.027 0.055 0.056 0.025 0.071 0.035
Landschlag von Warnsdorf 0.041 0.071 0.053 0.049 0.084 0.047
Landschlag von Winkelsdorf 0.059 0.075 0.088 0.046 0.094 0.061
Landschlag X Simmental 0.046 0.060 0.073 0.039 0.082 0.053
Limousin 0.027 0.062 0.044 0.042 0.073 0.034
Moravian Landschlag 0.028 0.061 0.050 0.039 0.072 0.036
Normande 0.038 0.058 0.053 0.052 0.069 0.037
North Wales 0.028 0.063 0.053 0.026 0.073 0.030
White Park 0.057 0.083 0.068 0.061 0.090 0.054
Pinzgauer 0.053 0.041 0.031 0.064 0.029
Pinzgauer X Scottish Highland 0.053 0.067 0.059 0.062 0.063
Pinzgauer X Simmentaler 0.041 0.067 0.061 0.071 0.054
Pinzgauer: Moelltaler 0.031 0.059 0.061 0.073 0.039
Pinzgauer: Pustertaler 0.064 0.062 0.071 0.073 0.069
Pirenaica 0.029 0.063 0.054 0.039 0.069
Red Poll 0.059 0.071 0.070 0.068 0.066 0.056
Maas-Rhein-Ijsselschlag 0.028 0.058 0.051 0.034 0.072 0.030
Danish Red 0.046 0.061 0.073 0.040 0.086 0.045
Angeln 0.035 0.061 0.052 0.041 0.071 0.041
Bohemian Red 0.028 0.055 0.058 0.028 0.075 0.036
Polish Red 0.047 0.071 0.073 0.035 0.085 0.046
Sanga 0.078 0.086 0.105 0.063 0.105 0.076
Sardinian 0.052 0.067 0.079 0.047 0.085 0.052
Scheinfelder 0.048 0.071 0.069 0.040 0.084 0.053
Schoenhengster 0.031 0.056 0.061 0.027 0.075 0.040
Holland Black Pied 0.039 0.059 0.060 0.043 0.065 0.038
Andalusian Black 0.045 0.062 0.073 0.034 0.076 0.046
Sweden (Jaemtland or Vatterbot-
ten)
0.070 0.073 0.086 0.075 0.104 0.072
Scottish Highland 0.040 0.062 0.048 0.055 0.065 0.043
Sicilian 0.053 0.058 0.065 0.062 0.078 0.064
Småland 0.055 0.080 0.077 0.052 0.094 0.053
South Devon 0.036 0.068 0.065 0.030 0.085 0.040
Spanish Fighting Cattle 0.052 0.062 0.065 0.062 0.062 0.050
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Buchara Grey 0.118 0.129 0.141 0.093 0.145 0.115
Hungarian Grey 0.026 0.059 0.049 0.033 0.069 0.034
Hungarian Grey X Bern Red Pied 0.056 0.083 0.065 0.060 0.082 0.058
Sudeten 0.036 0.062 0.058 0.040 0.078 0.039
Sudeten X Simmental 0.045 0.064 0.055 0.060 0.077 0.045
Sudeten X Tesstal? 0.038 0.067 0.061 0.040 0.083 0.042
Tarentaise 0.043 0.055 0.056 0.052 0.061 0.042
Telemark 0.035 0.064 0.056 0.037 0.077 0.037
Tudanca 0.044 0.063 0.072 0.030 0.076 0.045
Tuxer 0.072 0.078 0.068 0.088 0.064 0.076
Heck 0.032 0.067 0.051 0.038 0.075 0.029
Niata 0.195 0.204 0.174 0.215 0.185 0.199
Veredelter Landschlag 0.046 0.070 0.065 0.046 0.084 0.052
Vogtlaender 0.027 0.055 0.038 0.050 0.066 0.035
Waldviertler X Scheinfelder 0.039 0.059 0.055 0.044 0.070 0.039
Watussi 0.051 0.063 0.073 0.047 0.090 0.056
Zebu 0.065 0.083 0.092 0.052 0.100 0.063
Zebu (Africa) 0.063 0.085 0.081 0.060 0.098 0.067
Zebu (Asian) 0.049 0.075 0.064 0.051 0.082 0.050
Zebu (Indian) 0.060 0.078 0.087 0.043 0.093 0.060
Zillertaler 0.041 0.060 0.044 0.058 0.049 0.044
Red Poll
Maas-
Danish Red Angeln Bohemian Red Polish RedRhein-
Ijsselschlag
Ayrshire 0.063 0.033 0.049 0.043 0.041 0.053
Blondvieh: Carinthian 0.070 0.027 0.028 0.041 0.019 0.033
Blondvieh: Lavanttaler 0.070 0.031 0.030 0.040 0.024 0.036
Blondvieh: Mariahofer 0.053 0.037 0.051 0.045 0.043 0.055
Blondvieh: Murbodner 0.069 0.030 0.038 0.038 0.023 0.039
Blondvieh: Waldviertler 0.070 0.027 0.030 0.038 0.020 0.027
Bos primigenius (Aurochs) 0.083 0.066 0.068 0.059 0.059 0.065
Brazilian 0.058 0.048 0.062 0.045 0.049 0.058
Montafon 0.069 0.029 0.033 0.037 0.022 0.032
Buša 0.070 0.031 0.039 0.036 0.032 0.028
Chianina 0.082 0.043 0.049 0.051 0.042 0.043
Chillingham 0.066 0.063 0.072 0.055 0.067 0.065
Devon 0.062 0.024 0.043 0.037 0.034 0.043
Egerlaender 0.086 0.047 0.039 0.057 0.037 0.049
Hérens 0.055 0.046 0.065 0.040 0.051 0.063
Fjällko 0.075 0.026 0.029 0.042 0.027 0.030
Bern Red Pied 0.069 0.031 0.032 0.040 0.022 0.038
Freiburg Red Pied 0.077 0.049 0.056 0.054 0.044 0.061
Simmental 0.053 0.037 0.057 0.035 0.037 0.053
South Moravian Red Pied 0.059 0.036 0.044 0.039 0.027 0.042
Rubia Gallega 0.098 0.060 0.057 0.065 0.054 0.051
Allgaeuer Grey 0.055 0.046 0.056 0.045 0.044 0.058
Krainer Grey 0.069 0.043 0.055 0.048 0.042 0.056
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Oberinntaler Grey 0.060 0.032 0.043 0.035 0.026 0.044
Haná-Berne 0.079 0.042 0.040 0.049 0.029 0.040
Iceland 0.063 0.040 0.057 0.043 0.045 0.052
Jersey 0.069 0.053 0.072 0.059 0.063 0.073
Jersey (polled) 0.061 0.050 0.071 0.054 0.059 0.072
Jutland 0.084 0.040 0.035 0.051 0.038 0.034
Kampeten: Styrian Bergscheck 0.053 0.031 0.043 0.033 0.027 0.042
Kampeten: Welser Schecken 0.074 0.054 0.055 0.053 0.044 0.054
Kerry 0.067 0.029 0.038 0.033 0.030 0.033
Cretan 0.079 0.046 0.057 0.052 0.053 0.044
Kuhlaender 0.068 0.025 0.034 0.037 0.018 0.029
Landschlag von Warnsdorf 0.068 0.043 0.056 0.049 0.043 0.052
Landschlag von Winkelsdorf 0.089 0.053 0.043 0.061 0.041 0.040
Landschlag X Simmental 0.081 0.044 0.039 0.049 0.035 0.035
Limousin 0.066 0.032 0.052 0.046 0.040 0.055
Moravian Landschlag 0.060 0.032 0.050 0.040 0.032 0.044
Normande 0.068 0.038 0.052 0.052 0.048 0.062
North Wales 0.067 0.024 0.037 0.035 0.028 0.033
White Park 0.075 0.044 0.058 0.050 0.052 0.050
Pinzgauer 0.059 0.028 0.046 0.035 0.028 0.047
Pinzgauer X Scottish Highland 0.071 0.058 0.061 0.061 0.055 0.071
Pinzgauer X Simmentaler 0.070 0.051 0.073 0.052 0.058 0.073
Pinzgauer: Moelltaler 0.068 0.034 0.040 0.041 0.028 0.035
Pinzgauer: Pustertaler 0.066 0.072 0.086 0.071 0.075 0.085
Pirenaica 0.056 0.030 0.045 0.041 0.036 0.046
Red Poll 0.066 0.081 0.054 0.068 0.078
Maas-Rhein-Ijsselschlag 0.066 0.033 0.033 0.025 0.035
Danish Red 0.081 0.033 0.050 0.030 0.034
Angeln 0.054 0.033 0.050 0.034 0.045
Bohemian Red 0.068 0.025 0.030 0.034 0.030
Polish Red 0.078 0.035 0.034 0.045 0.030
Sanga 0.104 0.066 0.053 0.076 0.064 0.051
Sardinian 0.088 0.049 0.041 0.064 0.047 0.050
Scheinfelder 0.077 0.042 0.048 0.045 0.038 0.043
Schoenhengster 0.072 0.031 0.035 0.037 0.015 0.032
Holland Black Pied 0.046 0.039 0.054 0.036 0.041 0.054
Andalusian Black 0.071 0.040 0.043 0.042 0.033 0.039
Sweden (Jaemtland or Vatterbot-
ten)
0.097 0.058 0.052 0.069 0.058 0.063
Scottish Highland 0.043 0.052 0.071 0.042 0.055 0.070
Sicilian 0.072 0.062 0.071 0.061 0.057 0.074
Småland 0.088 0.041 0.041 0.050 0.041 0.034
South Devon 0.077 0.027 0.031 0.043 0.029 0.031
Spanish Fighting Cattle 0.042 0.059 0.072 0.045 0.057 0.069
Buchara Grey 0.141 0.109 0.097 0.113 0.105 0.087
Hungarian Grey 0.060 0.035 0.050 0.040 0.037 0.051
Hungarian Grey X Bern Red Pied 0.066 0.064 0.081 0.061 0.066 0.078
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Sudeten 0.071 0.032 0.042 0.044 0.029 0.041
Sudeten X Simmental 0.070 0.043 0.053 0.052 0.047 0.059
Sudeten X Tesstal? 0.063 0.042 0.053 0.047 0.041 0.052
Tarentaise 0.055 0.043 0.055 0.040 0.042 0.054
Telemark 0.071 0.025 0.036 0.035 0.030 0.036
Tudanca 0.071 0.040 0.044 0.047 0.038 0.038
Tuxer 0.053 0.083 0.103 0.074 0.088 0.102
Heck 0.061 0.033 0.048 0.036 0.036 0.044
Niata 0.179 0.208 0.230 0.202 0.215 0.230
Veredelter Landschlag 0.080 0.043 0.050 0.052 0.038 0.039
Vogtlaender 0.061 0.038 0.056 0.046 0.041 0.060
Waldviertler X Scheinfelder 0.065 0.033 0.043 0.045 0.038 0.047
Watussi 0.084 0.047 0.045 0.058 0.041 0.049
Zebu 0.096 0.052 0.044 0.063 0.050 0.033
Zebu (Africa) 0.095 0.058 0.063 0.061 0.053 0.053
Zebu (Asian) 0.085 0.047 0.059 0.062 0.054 0.055
Zebu (Indian) 0.092 0.054 0.048 0.062 0.050 0.039
Zillertaler 0.054 0.051 0.072 0.050 0.057 0.072
Sanga Sardinian Scheinfelder
Schoenhengs-
ter
Holland Andalusian
Black Pied Black
Ayrshire 0.083 0.057 0.059 0.047 0.046 0.053
Blondvieh: Carinthian 0.061 0.042 0.043 0.022 0.043 0.035
Blondvieh: Lavanttaler 0.060 0.041 0.043 0.025 0.045 0.034
Blondvieh: Mariahofer 0.080 0.060 0.056 0.047 0.041 0.053
Blondvieh: Murbodner 0.068 0.047 0.043 0.025 0.045 0.039
Blondvieh: Waldviertler 0.059 0.046 0.042 0.023 0.043 0.033
Bos primigenius (Aurochs) 0.074 0.070 0.061 0.057 0.061 0.044
Brazilian 0.078 0.061 0.050 0.049 0.044 0.044
Montafon 0.058 0.043 0.040 0.020 0.043 0.028
Buša 0.058 0.055 0.043 0.035 0.049 0.037
Chianina 0.062 0.051 0.051 0.042 0.057 0.044
Chillingham 0.086 0.081 0.073 0.067 0.061 0.064
Devon 0.072 0.051 0.046 0.039 0.044 0.045
Egerlaender 0.062 0.049 0.051 0.038 0.061 0.046
Hérens 0.093 0.076 0.064 0.053 0.046 0.061
Fjällko 0.061 0.051 0.047 0.032 0.049 0.041
Bern Red Pied 0.062 0.044 0.040 0.021 0.044 0.032
Freiburg Red Pied 0.081 0.062 0.056 0.044 0.052 0.050
Simmental 0.084 0.062 0.048 0.037 0.034 0.043
South Moravian Red Pied 0.072 0.052 0.048 0.028 0.034 0.038
Rubia Gallega 0.058 0.059 0.050 0.052 0.074 0.047
Allgaeuer Grey 0.082 0.066 0.058 0.046 0.041 0.052
Krainer Grey 0.081 0.058 0.056 0.042 0.047 0.051
Oberinntaler Grey 0.073 0.052 0.047 0.029 0.038 0.039
Haná-Berne 0.063 0.051 0.044 0.028 0.048 0.035
Iceland 0.085 0.066 0.058 0.048 0.048 0.056
Jersey 0.106 0.082 0.079 0.070 0.064 0.082
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Jersey (polled) 0.101 0.078 0.071 0.065 0.058 0.075
Jutland 0.056 0.049 0.052 0.038 0.057 0.040
Kampeten: Styrian Bergscheck 0.070 0.051 0.046 0.030 0.034 0.035
Kampeten: Welser Schecken 0.075 0.062 0.054 0.042 0.047 0.040
Kerry 0.066 0.054 0.044 0.033 0.044 0.035
Cretan 0.067 0.065 0.053 0.057 0.062 0.056
Kuhlaender 0.064 0.044 0.040 0.020 0.042 0.037
Landschlag von Warnsdorf 0.083 0.069 0.056 0.048 0.056 0.061
Landschlag von Winkelsdorf 0.054 0.051 0.055 0.042 0.063 0.046
Landschlag X Simmental 0.060 0.047 0.047 0.035 0.061 0.043
Limousin 0.087 0.058 0.054 0.045 0.047 0.055
Moravian Landschlag 0.081 0.061 0.050 0.035 0.039 0.049
Normande 0.088 0.056 0.064 0.053 0.051 0.063
North Wales 0.064 0.047 0.038 0.029 0.043 0.035
White Park 0.075 0.072 0.054 0.056 0.060 0.059
Pinzgauer 0.078 0.052 0.048 0.031 0.039 0.045
Pinzgauer X Scottish Highland 0.086 0.067 0.071 0.056 0.059 0.062
Pinzgauer X Simmentaler 0.105 0.079 0.069 0.061 0.060 0.073
Pinzgauer: Moelltaler 0.063 0.047 0.040 0.027 0.043 0.034
Pinzgauer: Pustertaler 0.105 0.085 0.084 0.075 0.065 0.076
Pirenaica 0.076 0.052 0.053 0.040 0.038 0.046
Red Poll 0.104 0.088 0.077 0.072 0.046 0.071
Maas-Rhein-Ijsselschlag 0.066 0.049 0.042 0.031 0.039 0.040
Danish Red 0.053 0.041 0.048 0.035 0.054 0.043
Angeln 0.076 0.064 0.045 0.037 0.036 0.042
Bohemian Red 0.064 0.047 0.038 0.015 0.041 0.033
Polish Red 0.051 0.050 0.043 0.032 0.054 0.039
Sanga 0.055 0.060 0.064 0.082 0.056
Sardinian 0.055 0.053 0.048 0.068 0.048
Scheinfelder 0.060 0.053 0.039 0.056 0.034
Schoenhengster 0.064 0.048 0.039 0.043 0.032
Holland Black Pied 0.082 0.068 0.056 0.043 0.046
Andalusian Black 0.056 0.048 0.034 0.032 0.046
Sweden (Jaemtland or Vatterbot-
ten)
0.079 0.072 0.077 0.063 0.075 0.072
Scottish Highland 0.099 0.078 0.067 0.056 0.042 0.062
Sicilian 0.096 0.072 0.074 0.059 0.062 0.068
Småland 0.060 0.058 0.048 0.043 0.062 0.045
South Devon 0.057 0.044 0.043 0.032 0.051 0.040
Spanish Fighting Cattle 0.094 0.076 0.065 0.058 0.041 0.052
Buchara Grey 0.076 0.100 0.097 0.102 0.118 0.094
Hungarian Grey 0.078 0.054 0.048 0.039 0.041 0.046
Hungarian Grey X Bern Red Pied 0.105 0.083 0.074 0.069 0.053 0.068
Sudeten 0.071 0.058 0.054 0.034 0.045 0.047
Sudeten X Simmental 0.089 0.066 0.066 0.054 0.055 0.067
Sudeten X Tesstal? 0.082 0.063 0.055 0.043 0.043 0.052
Tarentaise 0.082 0.062 0.058 0.045 0.043 0.049
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Telemark 0.067 0.052 0.046 0.032 0.044 0.041
Tudanca 0.060 0.053 0.051 0.038 0.047 0.039
Tuxer 0.127 0.105 0.097 0.089 0.067 0.093
Heck 0.074 0.058 0.048 0.041 0.042 0.044
Niata 0.258 0.231 0.222 0.218 0.198 0.227
Veredelter Landschlag 0.069 0.057 0.048 0.041 0.057 0.048
Vogtlaender 0.091 0.062 0.061 0.045 0.045 0.059
Waldviertler X Scheinfelder 0.072 0.053 0.047 0.041 0.045 0.046
Watussi 0.065 0.049 0.048 0.041 0.061 0.045
Zebu 0.039 0.052 0.050 0.050 0.072 0.048
Zebu (Africa) 0.074 0.068 0.050 0.053 0.071 0.053
Zebu (Asian) 0.080 0.059 0.061 0.057 0.063 0.063
Zebu (Indian) 0.049 0.050 0.051 0.048 0.066 0.048
Zillertaler 0.102 0.076 0.072 0.058 0.045 0.067
Sweden Scottish
Sicilian Småland South Devon
Spanish
(Jaemtland or 
Vatterbotten)
Highland Fighting Cattle
Ayrshire 0.058 0.050 0.062 0.053 0.046 0.054
Blondvieh: Carinthian 0.059 0.057 0.058 0.044 0.026 0.059
Blondvieh: Lavanttaler 0.060 0.060 0.058 0.048 0.035 0.057
Blondvieh: Mariahofer 0.075 0.050 0.062 0.066 0.052 0.051
Blondvieh: Murbodner 0.065 0.050 0.052 0.050 0.031 0.058
Blondvieh: Waldviertler 0.060 0.056 0.064 0.036 0.029 0.060
Bos primigenius (Aurochs) 0.086 0.075 0.069 0.068 0.065 0.066
Brazilian 0.091 0.046 0.058 0.067 0.050 0.050
Montafon 0.064 0.054 0.059 0.044 0.028 0.055
Buša 0.059 0.060 0.073 0.036 0.038 0.059
Chianina 0.080 0.068 0.072 0.054 0.036 0.075
Chillingham 0.086 0.063 0.091 0.063 0.071 0.056
Devon 0.066 0.048 0.061 0.052 0.031 0.056
Egerlaender 0.065 0.075 0.064 0.061 0.045 0.075
Hérens 0.072 0.042 0.067 0.064 0.062 0.045
Fjällko 0.045 0.064 0.067 0.033 0.030 0.065
Bern Red Pied 0.062 0.057 0.058 0.048 0.031 0.058
Freiburg Red Pied 0.082 0.060 0.064 0.067 0.048 0.068
Simmental 0.080 0.040 0.057 0.060 0.047 0.044
South Moravian Red Pied 0.070 0.049 0.052 0.056 0.041 0.050
Rubia Gallega 0.090 0.081 0.087 0.057 0.047 0.086
Allgaeuer Grey 0.079 0.050 0.055 0.067 0.055 0.053
Krainer Grey 0.080 0.046 0.062 0.062 0.048 0.062
Oberinntaler Grey 0.059 0.048 0.056 0.048 0.043 0.045
Haná-Berne 0.069 0.064 0.063 0.047 0.039 0.067
Iceland 0.065 0.052 0.072 0.048 0.052 0.056
Jersey 0.079 0.060 0.072 0.077 0.067 0.071
Jersey (polled) 0.083 0.051 0.076 0.076 0.065 0.064
Jutland 0.060 0.071 0.074 0.038 0.037 0.071
Kampeten: Styrian Bergscheck 0.062 0.046 0.053 0.052 0.043 0.040
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Kampeten: Welser Schecken 0.082 0.066 0.071 0.062 0.056 0.060
Kerry 0.058 0.054 0.070 0.032 0.033 0.053
Cretan 0.086 0.071 0.086 0.055 0.049 0.076
Kuhlaender 0.063 0.054 0.057 0.043 0.029 0.059
Landschlag von Warnsdorf 0.074 0.057 0.064 0.064 0.049 0.069
Landschlag von Winkelsdorf 0.073 0.082 0.075 0.055 0.045 0.080
Landschlag X Simmental 0.069 0.071 0.070 0.050 0.040 0.070
Limousin 0.074 0.049 0.060 0.062 0.044 0.059
Moravian Landschlag 0.072 0.047 0.059 0.055 0.042 0.055
Normande 0.070 0.057 0.062 0.069 0.050 0.061
North Wales 0.070 0.049 0.065 0.041 0.027 0.057
White Park 0.068 0.068 0.084 0.049 0.054 0.070
Pinzgauer 0.070 0.040 0.053 0.055 0.036 0.052
Pinzgauer X Scottish Highland 0.073 0.062 0.058 0.080 0.068 0.062
Pinzgauer X Simmentaler 0.086 0.048 0.065 0.077 0.065 0.065
Pinzgauer: Moelltaler 0.075 0.055 0.062 0.052 0.030 0.062
Pinzgauer: Pustertaler 0.104 0.065 0.078 0.094 0.085 0.062
Pirenaica 0.072 0.043 0.064 0.053 0.040 0.050
Red Poll 0.097 0.043 0.072 0.088 0.077 0.042
Maas-Rhein-Ijsselschlag 0.058 0.052 0.062 0.041 0.027 0.059
Danish Red 0.052 0.071 0.071 0.041 0.031 0.072
Angeln 0.069 0.042 0.061 0.050 0.043 0.045
Bohemian Red 0.058 0.055 0.057 0.041 0.029 0.057
Polish Red 0.063 0.070 0.074 0.034 0.031 0.069
Sanga 0.079 0.099 0.096 0.060 0.057 0.094
Sardinian 0.072 0.078 0.072 0.058 0.044 0.076
Scheinfelder 0.077 0.067 0.074 0.048 0.043 0.065
Schoenhengster 0.063 0.056 0.059 0.043 0.032 0.058
Holland Black Pied 0.075 0.042 0.062 0.062 0.051 0.041
Andalusian Black 0.072 0.062 0.068 0.045 0.040 0.052
Sweden (Jaemtland or Vatterbot-
ten)
0.089 0.078 0.060 0.064 0.085
Scottish Highland 0.089 0.059 0.076 0.063 0.044
Sicilian 0.078 0.059 0.085 0.065 0.066
Småland 0.060 0.076 0.085 0.041 0.074
South Devon 0.064 0.063 0.065 0.041 0.069
Spanish Fighting Cattle 0.085 0.044 0.066 0.074 0.069
Buchara Grey 0.128 0.134 0.139 0.097 0.096 0.133
Hungarian Grey 0.077 0.045 0.057 0.059 0.039 0.053
Hungarian Grey X Bern Red Pied 0.103 0.056 0.072 0.087 0.069 0.065
Sudeten 0.062 0.058 0.056 0.049 0.036 0.064
Sudeten X Simmental 0.061 0.062 0.069 0.063 0.057 0.063
Sudeten X Tesstal? 0.076 0.051 0.057 0.064 0.045 0.060
Tarentaise 0.070 0.053 0.065 0.059 0.058 0.041
Telemark 0.059 0.053 0.066 0.037 0.032 0.061
Tudanca 0.072 0.060 0.064 0.053 0.038 0.065
Tuxer 0.116 0.055 0.080 0.112 0.098 0.062
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Heck 0.072 0.042 0.066 0.047 0.038 0.054
Niata 0.234 0.178 0.197 0.235 0.222 0.192
Veredelter Landschlag 0.070 0.070 0.073 0.048 0.046 0.067
Vogtlaender 0.072 0.042 0.051 0.067 0.051 0.053
Waldviertler X Scheinfelder 0.064 0.058 0.067 0.053 0.045 0.055
Watussi 0.060 0.075 0.061 0.056 0.043 0.070
Zebu 0.067 0.089 0.091 0.043 0.043 0.084
Zebu (Africa) 0.077 0.082 0.088 0.049 0.057 0.077
Zebu (Asian) 0.081 0.074 0.077 0.064 0.050 0.078
Zebu (Indian) 0.079 0.084 0.086 0.055 0.045 0.081
Zillertaler 0.090 0.036 0.063 0.080 0.067 0.051
Bucharan 
Grey
Hungarian 
Grey
Hungarian 
Grey
Sudeten
Sudeten Sudeten
X X Simmental X Tesstal?
Bern Red Pied
Ayrshire 0.127 0.044 0.067 0.044 0.042 0.051
Blondvieh: Carinthian 0.103 0.036 0.066 0.031 0.049 0.040
Blondvieh: Lavanttaler 0.104 0.042 0.072 0.037 0.047 0.046
Blondvieh: Mariahofer 0.122 0.042 0.066 0.047 0.046 0.048
Blondvieh: Murbodner 0.108 0.031 0.063 0.036 0.052 0.040
Blondvieh: Waldviertler 0.098 0.043 0.070 0.031 0.052 0.047
Bos primigenius (Aurochs) 0.106 0.067 0.080 0.065 0.088 0.071
Brazilian 0.112 0.033 0.048 0.052 0.069 0.048
Montafon 0.098 0.037 0.067 0.037 0.056 0.044
Buša 0.099 0.051 0.077 0.044 0.055 0.055
Chianina 0.092 0.051 0.073 0.048 0.071 0.055
Chillingham 0.117 0.069 0.089 0.069 0.068 0.078
Devon 0.113 0.031 0.059 0.040 0.045 0.040
Egerlaender 0.106 0.054 0.078 0.047 0.064 0.056
Hérens 0.135 0.049 0.068 0.054 0.043 0.058
Fjällko 0.105 0.048 0.076 0.035 0.048 0.048
Bern Red Pied 0.103 0.036 0.067 0.037 0.053 0.043
Freiburg Red Pied 0.112 0.042 0.062 0.046 0.067 0.050
Simmental 0.121 0.030 0.048 0.042 0.051 0.042
South Moravian Red Pied 0.110 0.035 0.059 0.036 0.051 0.040
Rubia Gallega 0.078 0.063 0.086 0.066 0.090 0.070
Allgaeuer Grey 0.119 0.045 0.061 0.045 0.060 0.052
Krainer Grey 0.117 0.043 0.064 0.046 0.060 0.048
Oberinntaler Grey 0.117 0.035 0.066 0.038 0.045 0.046
Haná-Berne 0.101 0.047 0.069 0.039 0.065 0.048
Iceland 0.126 0.049 0.072 0.049 0.049 0.053
Jersey 0.149 0.059 0.075 0.059 0.043 0.062
Jersey (polled) 0.144 0.054 0.074 0.065 0.052 0.063
Jutland 0.091 0.056 0.082 0.045 0.066 0.057
Kampeten: Styrian Bergscheck 0.115 0.038 0.065 0.038 0.046 0.045
Kampeten: Welser Schecken 0.100 0.055 0.070 0.057 0.076 0.059
Kerry 0.104 0.044 0.070 0.042 0.053 0.048
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Cretan 0.094 0.058 0.077 0.058 0.070 0.065
Kuhlaender 0.102 0.035 0.063 0.030 0.050 0.042
Landschlag von Warnsdorf 0.125 0.048 0.067 0.045 0.052 0.046
Landschlag von Winkelsdorf 0.091 0.061 0.084 0.049 0.072 0.064
Landschlag X Simmental 0.098 0.050 0.081 0.049 0.061 0.057
Limousin 0.124 0.029 0.052 0.045 0.047 0.042
Moravian Landschlag 0.115 0.037 0.058 0.036 0.052 0.039
Normande 0.131 0.042 0.067 0.053 0.040 0.052
North Wales 0.099 0.030 0.061 0.037 0.052 0.042
White Park 0.116 0.064 0.083 0.055 0.057 0.063
Pinzgauer 0.118 0.026 0.056 0.036 0.045 0.038
Pinzgauer X Scottish Highland 0.129 0.059 0.083 0.062 0.064 0.067
Pinzgauer X Simmentaler 0.141 0.049 0.065 0.058 0.055 0.061
Pinzgauer: Moelltaler 0.093 0.033 0.060 0.040 0.060 0.040
Pinzgauer: Pustertaler 0.145 0.069 0.082 0.078 0.077 0.083
Pirenaica 0.115 0.034 0.058 0.039 0.045 0.042
Red Poll 0.141 0.060 0.066 0.071 0.070 0.063
Maas-Rhein-Ijsselschlag 0.109 0.035 0.064 0.032 0.043 0.042
Danish Red 0.097 0.050 0.081 0.042 0.053 0.053
Angeln 0.113 0.040 0.061 0.044 0.052 0.047
Bohemian Red 0.105 0.037 0.066 0.029 0.047 0.041
Polish Red 0.087 0.051 0.078 0.041 0.059 0.052
Sanga 0.076 0.078 0.105 0.071 0.089 0.082
Sardinian 0.100 0.054 0.083 0.058 0.066 0.063
Scheinfelder 0.097 0.048 0.074 0.054 0.066 0.055
Schoenhengster 0.102 0.039 0.069 0.034 0.054 0.043
Holland Black Pied 0.118 0.041 0.053 0.045 0.055 0.043
Andalusian Black 0.094 0.046 0.068 0.047 0.067 0.052
Sweden (Jaemtland or Vatterbot-
ten)
0.128 0.077 0.103 0.062 0.061 0.076
Scottish Highland 0.134 0.045 0.056 0.058 0.062 0.051
Sicilian 0.139 0.057 0.072 0.056 0.069 0.057
Småland 0.097 0.059 0.087 0.049 0.063 0.064
South Devon 0.096 0.039 0.069 0.036 0.057 0.045
Spanish Fighting Cattle 0.133 0.053 0.065 0.064 0.063 0.060
Buchara Grey 0.115 0.134 0.113 0.134 0.117
Hungarian Grey 0.115 0.048 0.044 0.053 0.042
Hungarian Grey X Bern Red Pied 0.134 0.048 0.065 0.078 0.059
Sudeten 0.113 0.044 0.065 0.050 0.045
Sudeten X Simmental 0.134 0.053 0.078 0.050 0.058
Sudeten X Tesstal? 0.117 0.042 0.059 0.045 0.058
Tarentaise 0.125 0.050 0.071 0.050 0.048 0.058
Telemark 0.104 0.043 0.071 0.038 0.052 0.046
Tudanca 0.092 0.046 0.070 0.042 0.066 0.049
Tuxer 0.163 0.075 0.078 0.089 0.081 0.083
Heck 0.110 0.037 0.058 0.040 0.052 0.043
Niata 0.292 0.196 0.188 0.212 0.193 0.203
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Veredelter Landschlag 0.106 0.047 0.073 0.046 0.058 0.056
Vogtlaender 0.136 0.036 0.056 0.041 0.039 0.044
Waldviertler X Scheinfelder 0.116 0.041 0.069 0.045 0.046 0.052
Watussi 0.108 0.053 0.080 0.053 0.065 0.055
Zebu 0.076 0.067 0.095 0.060 0.074 0.071
Zebu (Africa) 0.107 0.061 0.085 0.068 0.077 0.072
Zebu (Asian) 0.112 0.050 0.069 0.057 0.063 0.061
Zebu (Indian) 0.075 0.061 0.086 0.061 0.077 0.065
Zillertaler 0.140 0.049 0.060 0.058 0.055 0.058
Tarentaise Telemark Tudanca Tuxer Heck Niata
Ayrshire 0.043 0.036 0.054 0.081 0.037 0.200
Blondvieh: Carinthian 0.047 0.034 0.037 0.090 0.040 0.218
Blondvieh: Lavanttaler 0.041 0.037 0.040 0.088 0.044 0.217
Blondvieh: Mariahofer 0.041 0.050 0.052 0.067 0.048 0.192
Blondvieh: Murbodner 0.048 0.035 0.040 0.085 0.038 0.210
Blondvieh: Waldviertler 0.044 0.024 0.034 0.090 0.034 0.221
Bos primigenius (Aurochs) 0.068 0.059 0.055 0.102 0.065 0.236
Brazilian 0.056 0.054 0.046 0.076 0.044 0.199
Montafon 0.046 0.034 0.033 0.088 0.039 0.218
Buša 0.045 0.031 0.042 0.092 0.039 0.221
Chianina 0.063 0.040 0.036 0.099 0.047 0.226
Chillingham 0.054 0.060 0.068 0.084 0.055 0.210
Devon 0.047 0.034 0.046 0.079 0.031 0.200
Egerlaender 0.061 0.054 0.052 0.102 0.059 0.226
Hérens 0.041 0.050 0.064 0.064 0.044 0.183
Fjällko 0.051 0.027 0.040 0.097 0.040 0.224
Bern Red Pied 0.046 0.036 0.037 0.088 0.042 0.217
Freiburg Red Pied 0.061 0.051 0.049 0.089 0.048 0.210
Simmental 0.041 0.045 0.050 0.068 0.036 0.192
South Moravian Red Pied 0.045 0.041 0.037 0.078 0.042 0.207
Rubia Gallega 0.080 0.055 0.054 0.119 0.061 0.246
Allgaeuer Grey 0.049 0.053 0.050 0.071 0.052 0.199
Krainer Grey 0.055 0.039 0.048 0.082 0.039 0.203
Oberinntaler Grey 0.033 0.034 0.045 0.079 0.037 0.205
Haná-Berne 0.056 0.038 0.042 0.099 0.046 0.228
Iceland 0.048 0.040 0.060 0.085 0.038 0.202
Jersey 0.060 0.062 0.077 0.077 0.056 0.174
Jersey (polled) 0.056 0.059 0.074 0.069 0.055 0.176
Jutland 0.058 0.034 0.037 0.106 0.047 0.237
Kampeten: Styrian Bergscheck 0.029 0.036 0.041 0.073 0.038 0.204
Kampeten: Welser Schecken 0.058 0.048 0.045 0.093 0.056 0.227
Kerry 0.045 0.024 0.043 0.092 0.032 0.219
Cretan 0.065 0.051 0.051 0.097 0.049 0.216
Kuhlaender 0.044 0.030 0.036 0.086 0.036 0.214
Landschlag von Warnsdorf 0.060 0.051 0.057 0.085 0.044 0.198
Landschlag von Winkelsdorf 0.068 0.054 0.047 0.109 0.063 0.241
Landschlag X Simmental 0.056 0.047 0.048 0.100 0.055 0.226
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Limousin 0.051 0.047 0.056 0.076 0.041 0.190
Moravian Landschlag 0.046 0.041 0.049 0.075 0.040 0.199
Normande 0.051 0.052 0.061 0.077 0.052 0.190
North Wales 0.047 0.026 0.037 0.086 0.025 0.211
White Park 0.058 0.047 0.064 0.095 0.046 0.215
Pinzgauer 0.043 0.035 0.044 0.072 0.032 0.195
Pinzgauer X Scottish Highland 0.055 0.064 0.063 0.078 0.067 0.204
Pinzgauer X Simmentaler 0.056 0.056 0.072 0.068 0.051 0.174
Pinzgauer: Moelltaler 0.052 0.037 0.030 0.088 0.038 0.215
Pinzgauer: Pustertaler 0.061 0.077 0.076 0.064 0.075 0.185
Pirenaica 0.042 0.037 0.045 0.076 0.029 0.199
Red Poll 0.055 0.071 0.071 0.053 0.061 0.179
Maas-Rhein-Ijsselschlag 0.043 0.025 0.040 0.083 0.033 0.208
Danish Red 0.055 0.036 0.044 0.103 0.048 0.230
Angeln 0.040 0.035 0.047 0.074 0.036 0.202
Bohemian Red 0.042 0.030 0.038 0.088 0.036 0.215
Polish Red 0.054 0.036 0.038 0.102 0.044 0.230
Sanga 0.082 0.067 0.060 0.127 0.074 0.258
Sardinian 0.062 0.052 0.053 0.105 0.058 0.231
Scheinfelder 0.058 0.046 0.051 0.097 0.048 0.222
Schoenhengster 0.045 0.032 0.038 0.089 0.041 0.218
Holland Black Pied 0.043 0.044 0.047 0.067 0.042 0.198
Andalusian Black 0.049 0.041 0.039 0.093 0.044 0.227
Sweden (Jaemtland or Vatterbot-
ten)
0.070 0.059 0.072 0.116 0.072 0.234
Scottish Highland 0.053 0.053 0.060 0.055 0.042 0.178
Sicilian 0.065 0.066 0.064 0.080 0.066 0.197
Småland 0.059 0.037 0.053 0.112 0.047 0.235
South Devon 0.058 0.032 0.038 0.098 0.038 0.222
Spanish Fighting Cattle 0.041 0.061 0.065 0.062 0.054 0.192
Buchara Grey 0.125 0.104 0.092 0.163 0.110 0.292
Hungarian Grey 0.050 0.043 0.046 0.075 0.037 0.196
Hungarian Grey X Bern Red Pied 0.071 0.071 0.070 0.078 0.058 0.188
Sudeten 0.050 0.038 0.042 0.089 0.040 0.212
Sudeten X Simmental 0.048 0.052 0.066 0.081 0.052 0.193
Sudeten X Tesstal? 0.058 0.046 0.049 0.083 0.043 0.203
Tarentaise 0.048 0.057 0.070 0.047 0.200
Telemark 0.048 0.037 0.090 0.030 0.217
Tudanca 0.057 0.037 0.091 0.044 0.222
Tuxer 0.070 0.090 0.091 0.082 0.154
Heck 0.047 0.030 0.044 0.082 0.204
Niata 0.200 0.217 0.222 0.154 0.204
Veredelter Landschlag 0.055 0.047 0.056 0.098 0.049 0.218
Vogtlaender 0.045 0.048 0.060 0.067 0.043 0.183
Waldviertler X Scheinfelder 0.042 0.044 0.052 0.080 0.045 0.207
Watussi 0.058 0.051 0.055 0.102 0.057 0.230
Zebu 0.070 0.053 0.053 0.118 0.060 0.248
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Zebu (Africa) 0.069 0.059 0.070 0.115 0.061 0.232
Zebu (Asian) 0.066 0.053 0.060 0.097 0.052 0.209
Zebu (Indian) 0.069 0.054 0.050 0.112 0.061 0.239
Zillertaler 0.047 0.057 0.063 0.050 0.052 0.171
Veredelter
Vogtlaender
Waldviertler
Watussi Zebu Zebu (Africa)Landschlag X
Scheinfelder
Ayrshire 0.054 0.037 0.044 0.055 0.068 0.067
Blondvieh: Carinthian 0.042 0.042 0.036 0.039 0.051 0.060
Blondvieh: Lavanttaler 0.045 0.045 0.036 0.044 0.051 0.062
Blondvieh: Mariahofer 0.059 0.040 0.039 0.061 0.072 0.078
Blondvieh: Murbodner 0.041 0.038 0.041 0.041 0.058 0.056
Blondvieh: Waldviertler 0.044 0.048 0.039 0.045 0.045 0.057
Bos primigenius (Aurochs) 0.070 0.079 0.075 0.067 0.074 0.075
Brazilian 0.059 0.051 0.054 0.062 0.073 0.070
Montafon 0.044 0.047 0.041 0.042 0.048 0.057
Buša 0.049 0.056 0.044 0.053 0.041 0.054
Chianina 0.059 0.064 0.061 0.059 0.053 0.069
Chillingham 0.072 0.073 0.063 0.083 0.076 0.085
Devon 0.048 0.035 0.035 0.048 0.057 0.060
Egerlaender 0.057 0.058 0.053 0.047 0.058 0.069
Hérens 0.060 0.040 0.047 0.069 0.078 0.072
Fjällko 0.047 0.051 0.041 0.046 0.045 0.057
Bern Red Pied 0.046 0.044 0.037 0.039 0.052 0.058
Freiburg Red Pied 0.060 0.050 0.055 0.057 0.073 0.075
Simmental 0.050 0.034 0.040 0.056 0.071 0.065
South Moravian Red Pied 0.045 0.041 0.042 0.051 0.062 0.065
Rubia Gallega 0.064 0.081 0.072 0.061 0.054 0.064
Allgaeuer Grey 0.060 0.048 0.044 0.062 0.076 0.081
Krainer Grey 0.061 0.044 0.058 0.063 0.072 0.069
Oberinntaler Grey 0.044 0.036 0.037 0.045 0.061 0.057
Haná-Berne 0.044 0.055 0.051 0.046 0.056 0.057
Iceland 0.049 0.046 0.048 0.061 0.067 0.059
Jersey 0.072 0.043 0.061 0.080 0.091 0.089
Jersey (polled) 0.070 0.045 0.059 0.075 0.087 0.081
Jutland 0.053 0.065 0.053 0.054 0.045 0.063
Kampeten: Styrian Bergscheck 0.046 0.037 0.034 0.047 0.059 0.061
Kampeten: Welser Schecken 0.060 0.067 0.062 0.062 0.066 0.069
Kerry 0.046 0.051 0.043 0.050 0.048 0.051
Cretan 0.061 0.069 0.060 0.073 0.052 0.068
Kuhlaender 0.037 0.040 0.037 0.044 0.051 0.056
Landschlag von Warnsdorf 0.056 0.043 0.047 0.060 0.070 0.072
Landschlag von Winkelsdorf 0.052 0.070 0.057 0.057 0.051 0.070
Landschlag X Simmental 0.048 0.058 0.050 0.050 0.052 0.060
Limousin 0.049 0.029 0.041 0.056 0.072 0.065
Moravian Landschlag 0.043 0.036 0.042 0.053 0.065 0.062
Normande 0.062 0.035 0.046 0.062 0.076 0.079
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North Wales 0.041 0.043 0.036 0.050 0.051 0.056
White Park 0.059 0.063 0.050 0.066 0.058 0.068
Pinzgauer 0.046 0.027 0.039 0.051 0.065 0.063
Pinzgauer X Scottish Highland 0.070 0.055 0.059 0.063 0.083 0.085
Pinzgauer X Simmentaler 0.065 0.038 0.055 0.073 0.092 0.081
Pinzgauer: Moelltaler 0.046 0.050 0.044 0.047 0.052 0.060
Pinzgauer: Pustertaler 0.084 0.066 0.070 0.090 0.100 0.098
Pirenaica 0.052 0.035 0.039 0.056 0.063 0.067
Red Poll 0.080 0.061 0.065 0.084 0.096 0.095
Maas-Rhein-Ijsselschlag 0.043 0.038 0.033 0.047 0.052 0.058
Danish Red 0.050 0.056 0.043 0.045 0.044 0.063
Angeln 0.052 0.046 0.045 0.058 0.063 0.061
Bohemian Red 0.038 0.041 0.038 0.041 0.050 0.053
Polish Red 0.039 0.060 0.047 0.049 0.033 0.053
Sanga 0.069 0.091 0.072 0.065 0.039 0.074
Sardinian 0.057 0.062 0.053 0.049 0.052 0.068
Scheinfelder 0.048 0.061 0.047 0.048 0.050 0.050
Schoenhengster 0.041 0.045 0.041 0.041 0.050 0.053
Holland Black Pied 0.057 0.045 0.045 0.061 0.072 0.071
Andalusian Black 0.048 0.059 0.046 0.045 0.048 0.053
Sweden (Jaemtland or Vatterbot-
ten)
0.070 0.072 0.064 0.060 0.067 0.077
Scottish Highland 0.070 0.042 0.058 0.075 0.089 0.082
Sicilian 0.073 0.051 0.067 0.061 0.091 0.088
Småland 0.048 0.067 0.053 0.056 0.043 0.049
South Devon 0.046 0.051 0.045 0.043 0.043 0.057
Spanish Fighting Cattle 0.067 0.053 0.055 0.070 0.084 0.077
Buchara Grey 0.106 0.136 0.116 0.108 0.076 0.107
Hungarian Grey 0.047 0.036 0.041 0.053 0.067 0.061
Hungarian Grey X Bern Red Pied 0.073 0.056 0.069 0.080 0.095 0.085
Sudeten 0.046 0.041 0.045 0.053 0.060 0.068
Sudeten X Simmental 0.058 0.039 0.046 0.065 0.074 0.077
Sudeten X Tesstal? 0.056 0.044 0.052 0.055 0.071 0.072
Tarentaise 0.055 0.045 0.042 0.058 0.070 0.069
Telemark 0.047 0.048 0.044 0.051 0.053 0.059
Tudanca 0.056 0.060 0.052 0.055 0.053 0.070
Tuxer 0.098 0.067 0.080 0.102 0.118 0.115
Heck 0.049 0.043 0.045 0.057 0.060 0.061
Niata 0.218 0.183 0.207 0.230 0.248 0.232
Veredelter Landschlag 0.053 0.048 0.054 0.056 0.051
Vogtlaender 0.053 0.042 0.058 0.079 0.072
Waldviertler X Scheinfelder 0.048 0.042 0.051 0.060 0.065
Watussi 0.054 0.058 0.051 0.054 0.059
Zebu 0.056 0.079 0.060 0.054 0.055
Zebu (Africa) 0.051 0.072 0.065 0.059 0.055
Zebu (Asian) 0.055 0.056 0.060 0.064 0.062 0.066
Zebu (Indian) 0.059 0.076 0.062 0.057 0.034 0.062
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Zillertaler 0.070 0.037 0.056 0.077 0.092 0.087
Zebu (Asian) Zebu (Indian) Zillertaler
Ayrshire 0.053 0.070 0.051
Blondvieh: Carinthian 0.055 0.050 0.059
Blondvieh: Lavanttaler 0.056 0.050 0.058
Blondvieh: Mariahofer 0.058 0.067 0.043
Blondvieh: Murbodner 0.052 0.055 0.055
Blondvieh: Waldviertler 0.055 0.046 0.058
Bos primigenius (Aurochs) 0.079 0.071 0.080
Brazilian 0.060 0.065 0.053
Montafon 0.057 0.045 0.058
Buša 0.060 0.050 0.064
Chianina 0.055 0.045 0.068
Chillingham 0.081 0.080 0.070
Devon 0.045 0.056 0.051
Egerlaender 0.066 0.053 0.073
Hérens 0.068 0.079 0.043
Fjällko 0.058 0.054 0.067
Bern Red Pied 0.056 0.049 0.059
Freiburg Red Pied 0.063 0.063 0.061
Simmental 0.056 0.066 0.040
South Moravian Red Pied 0.057 0.056 0.049
Rubia Gallega 0.074 0.052 0.090
Allgaeuer Grey 0.069 0.072 0.052
Krainer Grey 0.061 0.065 0.050
Oberinntaler Grey 0.057 0.059 0.048
Haná-Berne 0.062 0.052 0.067
Iceland 0.061 0.074 0.059
Jersey 0.065 0.093 0.055
Jersey (polled) 0.066 0.086 0.049
Jutland 0.063 0.049 0.075
Kampeten: Styrian Bergscheck 0.057 0.058 0.045
Kampeten: Welser Schecken 0.067 0.056 0.067
Kerry 0.058 0.053 0.062
Cretan 0.056 0.054 0.072
Kuhlaender 0.048 0.047 0.054
Landschlag von Warnsdorf 0.063 0.071 0.062
Landschlag von Winkelsdorf 0.072 0.053 0.083
Landschlag X Simmental 0.063 0.049 0.072
Limousin 0.046 0.069 0.047
Moravian Landschlag 0.053 0.062 0.051
Normande 0.052 0.071 0.047
North Wales 0.049 0.049 0.054
White Park 0.068 0.069 0.072
Pinzgauer 0.049 0.060 0.041
Pinzgauer X Scottish Highland 0.075 0.078 0.060
Pinzgauer X Simmentaler 0.064 0.087 0.044
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Pinzgauer: Moelltaler 0.051 0.043 0.058
Pinzgauer: Pustertaler 0.082 0.093 0.049
Pirenaica 0.050 0.060 0.044
Red Poll 0.085 0.092 0.054
Maas-Rhein-Ijsselschlag 0.047 0.054 0.051
Danish Red 0.059 0.048 0.072
Angeln 0.062 0.062 0.050
Bohemian Red 0.054 0.050 0.057
Polish Red 0.055 0.039 0.072
Sanga 0.080 0.049 0.102
Sardinian 0.059 0.050 0.076
Scheinfelder 0.061 0.051 0.072
Schoenhengster 0.057 0.048 0.058
Holland Black Pied 0.063 0.066 0.045
Andalusian Black 0.063 0.048 0.067
Sweden (Jaemtland or Vatterbot-
ten)
0.081 0.079 0.090
Scottish Highland 0.074 0.084 0.036
Sicilian 0.077 0.086 0.063
Småland 0.064 0.055 0.080
South Devon 0.050 0.045 0.067
Spanish Fighting Cattle 0.078 0.081 0.051
Buchara Grey 0.112 0.075 0.140
Hungarian Grey 0.050 0.061 0.049
Hungarian Grey X Bern Red Pied 0.069 0.086 0.060
Sudeten 0.057 0.061 0.058
Sudeten X Simmental 0.063 0.077 0.055
Sudeten X Tesstal? 0.061 0.065 0.058
Tarentaise 0.066 0.069 0.047
Telemark 0.053 0.054 0.057
Tudanca 0.060 0.050 0.063
Tuxer 0.097 0.112 0.050
Heck 0.052 0.061 0.052
Niata 0.209 0.239 0.171
Veredelter Landschlag 0.055 0.059 0.070
Vogtlaender 0.056 0.076 0.037
Waldviertler X Scheinfelder 0.060 0.062 0.056
Watussi 0.064 0.057 0.077
Zebu 0.062 0.034 0.092
Zebu (Africa) 0.066 0.062 0.087
Zebu (Asian) 0.058 0.067
Zebu (Indian) 0.058 0.084
Zillertaler 0.067 0.084
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Ayrshire
Blondvieh: Blondvieh: Blondvieh: Blondvieh: Blondvieh:
Carinthian Lavanttaler Mariahofer Murbodner Waldviertler
Ayrshire 0.024 0.036 0.034 0.025 0.022
Blondvieh: Carinthian 0.024 0.025 0.037 0.018 0.029
Blondvieh: Lavanttaler 0.036 0.025 0.043 0.029 0.036
Blondvieh: Mariahofer 0.034 0.037 0.043 0.037 0.030
Blondvieh: Murbodner 0.025 0.018 0.029 0.037 0.030
Blondvieh: Waldviertler 0.022 0.029 0.036 0.030 0.030
Bos primigenius (Aurochs) 0.068 0.067 0.070 0.088 0.066 0.077
Montafon 0.022 0.032 0.040 0.036 0.035 0.028
Buša 0.030 0.031 0.035 0.038 0.031 0.031
Devon 0.018 0.022 0.032 0.027 0.021 0.023
Egerlaender 0.026 0.023 0.026 0.026 0.024 0.025
Bern Red Pied 0.035 0.029 0.041 0.052 0.026 0.045
Simmental 0.024 0.015 0.027 0.035 0.020 0.031
South Moravian Red Pied 0.021 0.030 0.040 0.033 0.026 0.028
Rubia Gallega 0.033 0.036 0.047 0.053 0.036 0.042
Krainer Grey 0.037 0.028 0.043 0.049 0.031 0.040
Oberinntaler Grey 0.023 0.039 0.047 0.032 0.039 0.025
Guernsey 0.035 0.039 0.045 0.036 0.038 0.036
Iceland 0.027 0.035 0.041 0.035 0.036 0.031
Jersey 0.041 0.050 0.052 0.030 0.049 0.037
Kampeten: Styrian Bergscheck 0.018 0.021 0.030 0.027 0.021 0.018
Kampeten: Welser Schecken 0.030 0.022 0.030 0.049 0.027 0.037
Kerry 0.016 0.025 0.035 0.036 0.026 0.017
Cretan 0.041 0.050 0.061 0.065 0.048 0.053
Kuhlaender 0.030 0.025 0.032 0.030 0.025 0.032
Limousin 0.031 0.031 0.036 0.027 0.030 0.033
Moravian Landschlag 0.029 0.028 0.036 0.038 0.031 0.035
Normande 0.037 0.048 0.055 0.026 0.045 0.036
North Wales 0.025 0.024 0.033 0.035 0.026 0.032
White Park 0.045 0.050 0.053 0.038 0.052 0.047
Pasiega 0.046 0.047 0.055 0.060 0.050 0.052
Pinzgauer 0.036 0.032 0.037 0.035 0.031 0.037
Pinzgauer: Moelltaler 0.032 0.026 0.034 0.029 0.027 0.034
Pirenaica 0.022 0.028 0.035 0.021 0.029 0.022
Maas-Rhein-Ijsselschlag 0.014 0.022 0.035 0.032 0.022 0.027
Danish Red 0.029 0.024 0.034 0.036 0.027 0.031
Angeln 0.036 0.035 0.035 0.032 0.030 0.031
Bohemian Red 0.018 0.019 0.027 0.034 0.022 0.018
Polish Red 0.032 0.036 0.045 0.046 0.034 0.030
Sardinian 0.034 0.030 0.035 0.045 0.035 0.043
Scheinfelder 0.049 0.038 0.044 0.059 0.040 0.055
Schoenhengster 0.032 0.027 0.038 0.031 0.032 0.026
Supplementary Table 10: Procrustes distances among lower jaws from cattle breeds represented in 
morphospace.
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Holland Black Pied 0.032 0.026 0.034 0.031 0.026 0.033
Andalusian Black 0.026 0.026 0.035 0.043 0.027 0.027
Scottish Highland 0.029 0.027 0.037 0.044 0.029 0.038
South Devon 0.024 0.030 0.040 0.043 0.027 0.033
Spanish Fighting Cattle 0.035 0.034 0.045 0.049 0.034 0.041
Buchara Grey 0.039 0.034 0.042 0.055 0.032 0.048
Kalmuek Steppe 0.034 0.042 0.053 0.052 0.035 0.042
Hungarian Grey 0.031 0.031 0.040 0.048 0.023 0.036
Sudeten 0.024 0.028 0.033 0.032 0.031 0.021
Sudeten X Tesstal? 0.044 0.044 0.049 0.040 0.046 0.044
Tarentaise 0.031 0.034 0.039 0.023 0.034 0.031
Telemark 0.015 0.028 0.039 0.034 0.030 0.022
Tesstal 0.031 0.030 0.031 0.030 0.025 0.032
Tudanca 0.034 0.030 0.039 0.054 0.032 0.037
Tuxer 0.084 0.085 0.086 0.075 0.083 0.081
Heck 0.050 0.039 0.043 0.064 0.042 0.055
Niata 0.121 0.131 0.134 0.103 0.126 0.119
Vogtlaender 0.046 0.052 0.055 0.034 0.050 0.045
Walchshofer 0.050 0.049 0.057 0.064 0.051 0.057
Watussi 0.038 0.042 0.061 0.054 0.044 0.050
Zebu 0.028 0.031 0.032 0.039 0.034 0.034
Zebu (India) 0.031 0.037 0.038 0.042 0.034 0.033
Zillertaler 0.048 0.048 0.048 0.039 0.052 0.045
Bos primige-
nius Montafon Buša Devon Egerlaender Bern Red Pied
(Aurochs)
Ayrshire 0.068 0.022 0.030 0.018 0.026 0.035
Blondvieh: Carinthian 0.067 0.032 0.031 0.022 0.023 0.029
Blondvieh: Lavanttaler 0.070 0.040 0.035 0.032 0.026 0.041
Blondvieh: Mariahofer 0.088 0.036 0.038 0.027 0.026 0.052
Blondvieh: Murbodner 0.066 0.035 0.031 0.021 0.024 0.026
Blondvieh: Waldviertler 0.077 0.028 0.031 0.023 0.025 0.045
Bos primigenius (Aurochs) 0.071 0.062 0.074 0.078 0.063
Montafon 0.071 0.033 0.030 0.032 0.047
Buša 0.062 0.033 0.035 0.031 0.044
Devon 0.074 0.030 0.035 0.021 0.033
Egerlaender 0.078 0.032 0.031 0.021 0.041
Bern Red Pied 0.063 0.047 0.044 0.033 0.041
Simmental 0.067 0.033 0.032 0.020 0.024 0.027
South Moravian Red Pied 0.068 0.030 0.030 0.021 0.029 0.036
Rubia Gallega 0.054 0.032 0.043 0.038 0.046 0.039
Krainer Grey 0.071 0.048 0.043 0.033 0.038 0.038
Oberinntaler Grey 0.080 0.022 0.038 0.027 0.033 0.050
Guernsey 0.079 0.042 0.035 0.032 0.033 0.051
Iceland 0.065 0.028 0.026 0.032 0.036 0.049
Jersey 0.099 0.046 0.050 0.036 0.038 0.066
Kampeten: Styrian Bergscheck 0.073 0.028 0.028 0.017 0.015 0.037
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Kampeten: Welser Schecken 0.054 0.038 0.035 0.032 0.036 0.028
Kerry 0.065 0.026 0.027 0.021 0.027 0.037
Cretan 0.056 0.040 0.047 0.052 0.059 0.047
Kuhlaender 0.084 0.039 0.041 0.022 0.021 0.039
Limousin 0.082 0.043 0.042 0.020 0.028 0.040
Moravian Landschlag 0.082 0.042 0.042 0.027 0.029 0.044
Normande 0.091 0.045 0.048 0.030 0.037 0.054
North Wales 0.072 0.039 0.039 0.020 0.029 0.036
White Park 0.083 0.051 0.041 0.045 0.046 0.061
Pasiega 0.065 0.056 0.055 0.044 0.055 0.048
Pinzgauer 0.090 0.049 0.047 0.026 0.029 0.044
Pinzgauer: Moelltaler 0.079 0.039 0.040 0.021 0.026 0.035
Pirenaica 0.076 0.027 0.033 0.017 0.022 0.045
Maas-Rhein-Ijsselschlag 0.067 0.029 0.033 0.015 0.028 0.028
Danish Red 0.063 0.039 0.034 0.024 0.028 0.036
Angeln 0.079 0.040 0.037 0.029 0.034 0.043
Bohemian Red 0.064 0.025 0.025 0.020 0.021 0.036
Polish Red 0.063 0.033 0.031 0.036 0.039 0.046
Sardinian 0.057 0.040 0.038 0.032 0.035 0.037
Scheinfelder 0.051 0.052 0.043 0.047 0.048 0.038
Schoenhengster 0.080 0.040 0.034 0.028 0.028 0.045
Holland Black Pied 0.078 0.043 0.038 0.025 0.030 0.035
Andalusian Black 0.058 0.028 0.031 0.028 0.033 0.037
Scottish Highland 0.058 0.038 0.039 0.028 0.039 0.031
South Devon 0.062 0.036 0.042 0.023 0.036 0.030
Spanish Fighting Cattle 0.046 0.039 0.031 0.039 0.042 0.040
Buchara Grey 0.057 0.046 0.045 0.039 0.047 0.036
Kalmuek Steppe 0.068 0.040 0.037 0.040 0.046 0.041
Hungarian Grey 0.067 0.037 0.040 0.030 0.038 0.029
Sudeten 0.083 0.034 0.038 0.023 0.022 0.046
Sudeten X Tesstal? 0.095 0.051 0.056 0.038 0.043 0.059
Tarentaise 0.090 0.040 0.039 0.026 0.021 0.047
Telemark 0.069 0.027 0.031 0.021 0.030 0.041
Tesstal 0.080 0.042 0.035 0.024 0.026 0.042
Tudanca 0.056 0.043 0.034 0.038 0.042 0.030
Tuxer 0.141 0.096 0.092 0.078 0.074 0.093
Heck 0.056 0.058 0.047 0.049 0.054 0.034
Niata 0.179 0.123 0.130 0.115 0.116 0.134
Vogtlaender 0.106 0.056 0.058 0.038 0.039 0.062
Walchshofer 0.056 0.049 0.057 0.050 0.061 0.052
Watussi 0.077 0.049 0.051 0.043 0.050 0.044
Zebu 0.066 0.033 0.028 0.032 0.035 0.041
Zebu (India) 0.065 0.032 0.030 0.032 0.037 0.041
Zillertaler 0.100 0.057 0.055 0.041 0.041 0.061
Simmental
South Moravian
Rubia Gallega Krainer Grey
Oberinntaler
Guernsey
Red Pied Grey
Ayrshire 0.024 0.021 0.033 0.037 0.023 0.035
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Blondvieh: Carinthian 0.015 0.030 0.036 0.028 0.039 0.039
Blondvieh: Lavanttaler 0.027 0.040 0.047 0.043 0.047 0.045
Blondvieh: Mariahofer 0.035 0.033 0.053 0.049 0.032 0.036
Blondvieh: Murbodner 0.020 0.026 0.036 0.031 0.039 0.038
Blondvieh: Waldviertler 0.031 0.028 0.042 0.040 0.025 0.036
Bos primigenius (Aurochs) 0.067 0.068 0.054 0.071 0.080 0.079
Montafon 0.033 0.030 0.032 0.048 0.022 0.042
Buša 0.032 0.030 0.043 0.043 0.038 0.035
Devon 0.020 0.021 0.038 0.033 0.027 0.032
Egerlaender 0.024 0.029 0.046 0.038 0.033 0.033
Bern Red Pied 0.027 0.036 0.039 0.038 0.050 0.051
Simmental 0.028 0.038 0.030 0.037 0.037
South Moravian Red Pied 0.028 0.036 0.038 0.027 0.030
Rubia Gallega 0.038 0.036 0.045 0.041 0.052
Krainer Grey 0.030 0.038 0.045 0.048 0.039
Oberinntaler Grey 0.037 0.027 0.041 0.048 0.036
Guernsey 0.037 0.030 0.052 0.039 0.036
Iceland 0.036 0.028 0.037 0.045 0.032 0.037
Jersey 0.048 0.042 0.063 0.053 0.035 0.033
Kampeten: Styrian Bergscheck 0.023 0.025 0.040 0.035 0.027 0.033
Kampeten: Welser Schecken 0.025 0.036 0.032 0.038 0.046 0.050
Kerry 0.026 0.023 0.033 0.034 0.026 0.034
Cretan 0.050 0.046 0.030 0.058 0.047 0.061
Kuhlaender 0.024 0.035 0.048 0.036 0.037 0.037
Limousin 0.026 0.031 0.050 0.038 0.039 0.037
Moravian Landschlag 0.029 0.036 0.049 0.034 0.039 0.036
Normande 0.043 0.033 0.057 0.053 0.032 0.037
North Wales 0.027 0.030 0.042 0.033 0.039 0.040
White Park 0.048 0.046 0.065 0.061 0.050 0.048
Pasiega 0.044 0.045 0.049 0.046 0.055 0.048
Pinzgauer 0.031 0.039 0.057 0.034 0.045 0.038
Pinzgauer: Moelltaler 0.021 0.031 0.045 0.038 0.037 0.039
Pirenaica 0.028 0.025 0.040 0.037 0.025 0.029
Maas-Rhein-Ijsselschlag 0.019 0.021 0.032 0.034 0.030 0.035
Danish Red 0.025 0.030 0.040 0.033 0.042 0.039
Angeln 0.032 0.035 0.045 0.042 0.041 0.043
Bohemian Red 0.022 0.024 0.032 0.034 0.030 0.037
Polish Red 0.039 0.028 0.035 0.039 0.036 0.041
Sardinian 0.027 0.032 0.040 0.044 0.045 0.040
Scheinfelder 0.034 0.046 0.047 0.042 0.059 0.052
Schoenhengster 0.028 0.035 0.051 0.033 0.039 0.036
Holland Black Pied 0.028 0.033 0.049 0.038 0.044 0.043
Andalusian Black 0.030 0.025 0.027 0.039 0.033 0.042
Scottish Highland 0.025 0.029 0.033 0.038 0.042 0.044
South Devon 0.030 0.029 0.031 0.037 0.038 0.045
Spanish Fighting Cattle 0.035 0.033 0.034 0.040 0.045 0.043
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Buchara Grey 0.035 0.041 0.036 0.032 0.053 0.049
Kalmuek Steppe 0.040 0.032 0.037 0.041 0.039 0.043
Hungarian Grey 0.029 0.030 0.030 0.034 0.038 0.044
Sudeten 0.032 0.034 0.048 0.037 0.033 0.036
Sudeten X Tesstal? 0.047 0.046 0.055 0.049 0.048 0.050
Tarentaise 0.031 0.034 0.057 0.046 0.034 0.032
Telemark 0.030 0.022 0.035 0.035 0.025 0.033
Tesstal 0.028 0.032 0.048 0.037 0.041 0.035
Tudanca 0.032 0.036 0.038 0.040 0.048 0.049
Tuxer 0.082 0.088 0.110 0.083 0.086 0.078
Heck 0.037 0.050 0.049 0.045 0.064 0.059
Niata 0.124 0.118 0.140 0.135 0.110 0.115
Vogtlaender 0.048 0.049 0.072 0.055 0.046 0.043
Walchshofer 0.049 0.047 0.029 0.053 0.056 0.062
Watussi 0.040 0.042 0.052 0.042 0.047 0.045
Zebu 0.029 0.036 0.045 0.049 0.039 0.044
Zebu (India) 0.033 0.028 0.038 0.050 0.035 0.045
Zillertaler 0.045 0.052 0.073 0.054 0.052 0.047
Iceland Jersey
Kampeten: Kampeten:
Kerry CretanStyrian Berg-
scheck
Welser Sche-
cken
Ayrshire 0.027 0.041 0.018 0.030 0.016 0.041
Blondvieh: Carinthian 0.035 0.050 0.021 0.022 0.025 0.050
Blondvieh: Lavanttaler 0.041 0.052 0.030 0.030 0.035 0.061
Blondvieh: Mariahofer 0.035 0.030 0.027 0.049 0.036 0.065
Blondvieh: Murbodner 0.036 0.049 0.021 0.027 0.026 0.048
Blondvieh: Waldviertler 0.031 0.037 0.018 0.037 0.017 0.053
Bos primigenius (Aurochs) 0.065 0.099 0.073 0.054 0.065 0.056
Montafon 0.028 0.046 0.028 0.038 0.026 0.040
Buša 0.026 0.050 0.028 0.035 0.027 0.047
Devon 0.032 0.036 0.017 0.032 0.021 0.052
Egerlaender 0.036 0.038 0.015 0.036 0.027 0.059
Bern Red Pied 0.049 0.066 0.037 0.028 0.037 0.047
Simmental 0.036 0.048 0.023 0.025 0.026 0.050
South Moravian Red Pied 0.028 0.042 0.025 0.036 0.023 0.046
Rubia Gallega 0.037 0.063 0.040 0.032 0.033 0.030
Krainer Grey 0.045 0.053 0.035 0.038 0.034 0.058
Oberinntaler Grey 0.032 0.035 0.027 0.046 0.026 0.047
Guernsey 0.037 0.033 0.033 0.050 0.034 0.061
Iceland 0.042 0.032 0.038 0.029 0.045
Jersey 0.042 0.039 0.063 0.043 0.073
Kampeten: Styrian Bergscheck 0.032 0.039 0.031 0.017 0.051
Kampeten: Welser Schecken 0.038 0.063 0.031 0.029 0.045
Kerry 0.029 0.043 0.017 0.029 0.044
Cretan 0.045 0.073 0.051 0.045 0.044
Kuhlaender 0.043 0.037 0.024 0.041 0.034 0.059
Limousin 0.037 0.035 0.029 0.041 0.035 0.063
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Moravian Landschlag 0.039 0.036 0.029 0.041 0.035 0.059
Normande 0.041 0.031 0.035 0.055 0.039 0.066
North Wales 0.033 0.042 0.027 0.032 0.029 0.056
White Park 0.036 0.048 0.046 0.054 0.048 0.069
Pasiega 0.049 0.064 0.049 0.045 0.046 0.059
Pinzgauer 0.047 0.036 0.031 0.046 0.039 0.070
Pinzgauer: Moelltaler 0.040 0.042 0.027 0.039 0.035 0.056
Pirenaica 0.024 0.028 0.020 0.039 0.024 0.054
Maas-Rhein-Ijsselschlag 0.029 0.043 0.021 0.027 0.021 0.044
Danish Red 0.034 0.050 0.024 0.026 0.025 0.057
Angeln 0.036 0.041 0.033 0.043 0.034 0.057
Bohemian Red 0.027 0.045 0.015 0.023 0.013 0.046
Polish Red 0.035 0.054 0.032 0.039 0.022 0.044
Sardinian 0.039 0.057 0.034 0.031 0.034 0.054
Scheinfelder 0.049 0.073 0.048 0.036 0.047 0.056
Schoenhengster 0.040 0.042 0.024 0.040 0.028 0.062
Holland Black Pied 0.038 0.045 0.028 0.037 0.034 0.060
Andalusian Black 0.033 0.054 0.026 0.026 0.020 0.042
Scottish Highland 0.032 0.055 0.034 0.026 0.032 0.044
South Devon 0.038 0.054 0.028 0.027 0.024 0.048
Spanish Fighting Cattle 0.036 0.062 0.036 0.033 0.030 0.041
Buchara Grey 0.043 0.063 0.043 0.035 0.040 0.051
Kalmuek Steppe 0.040 0.056 0.041 0.046 0.035 0.036
Hungarian Grey 0.041 0.055 0.034 0.034 0.031 0.040
Sudeten 0.038 0.033 0.020 0.040 0.025 0.061
Sudeten X Tesstal? 0.045 0.037 0.044 0.056 0.049 0.071
Tarentaise 0.043 0.031 0.024 0.047 0.035 0.065
Telemark 0.024 0.039 0.022 0.033 0.016 0.045
Tesstal 0.036 0.037 0.026 0.041 0.033 0.061
Tudanca 0.041 0.065 0.036 0.022 0.029 0.043
Tuxer 0.096 0.065 0.077 0.099 0.086 0.117
Heck 0.051 0.074 0.052 0.035 0.049 0.054
Niata 0.126 0.097 0.119 0.142 0.126 0.144
Vogtlaender 0.057 0.028 0.041 0.065 0.050 0.081
Walchshofer 0.046 0.072 0.057 0.046 0.049 0.047
Watussi 0.051 0.058 0.044 0.051 0.043 0.050
Zebu 0.031 0.051 0.030 0.031 0.031 0.048
Zebu (India) 0.034 0.054 0.034 0.033 0.027 0.044
Zillertaler 0.052 0.038 0.044 0.059 0.051 0.081
Kuhlaender Limousin
Moravian
Normande North Wales White Park
Landschlag
Ayrshire 0.030 0.031 0.029 0.037 0.025 0.045
Blondvieh: Carinthian 0.025 0.031 0.028 0.048 0.024 0.050
Blondvieh: Lavanttaler 0.032 0.036 0.036 0.055 0.033 0.053
Blondvieh: Mariahofer 0.030 0.027 0.038 0.026 0.035 0.038
Blondvieh: Murbodner 0.025 0.030 0.031 0.045 0.026 0.052
Blondvieh: Waldviertler 0.032 0.033 0.035 0.036 0.032 0.047
192
Chapter IV: Supplementary Information
Bos primigenius (Aurochs) 0.084 0.082 0.082 0.091 0.072 0.083
Montafon 0.039 0.043 0.042 0.045 0.039 0.051
Buša 0.041 0.042 0.042 0.048 0.039 0.041
Devon 0.022 0.020 0.027 0.030 0.020 0.045
Egerlaender 0.021 0.028 0.029 0.037 0.029 0.046
Bern Red Pied 0.039 0.040 0.044 0.054 0.036 0.061
Simmental 0.024 0.026 0.029 0.043 0.027 0.048
South Moravian Red Pied 0.035 0.031 0.036 0.033 0.030 0.046
Rubia Gallega 0.048 0.050 0.049 0.057 0.042 0.065
Krainer Grey 0.036 0.038 0.034 0.053 0.033 0.061
Oberinntaler Grey 0.037 0.039 0.039 0.032 0.039 0.050
Guernsey 0.037 0.037 0.036 0.037 0.040 0.048
Iceland 0.043 0.037 0.039 0.041 0.033 0.036
Jersey 0.037 0.035 0.036 0.031 0.042 0.048
Kampeten: Styrian Bergscheck 0.024 0.029 0.029 0.035 0.027 0.046
Kampeten: Welser Schecken 0.041 0.041 0.041 0.055 0.032 0.054
Kerry 0.034 0.035 0.035 0.039 0.029 0.048
Cretan 0.059 0.063 0.059 0.066 0.056 0.069
Kuhlaender 0.025 0.022 0.039 0.028 0.052
Limousin 0.025 0.027 0.030 0.026 0.040
Moravian Landschlag 0.022 0.027 0.043 0.026 0.051
Normande 0.039 0.030 0.043 0.041 0.041
North Wales 0.028 0.026 0.026 0.041 0.045
White Park 0.052 0.040 0.051 0.041 0.045
Pasiega 0.055 0.050 0.052 0.057 0.046 0.061
Pinzgauer 0.021 0.024 0.022 0.042 0.025 0.053
Pinzgauer: Moelltaler 0.018 0.024 0.028 0.038 0.030 0.051
Pirenaica 0.025 0.025 0.028 0.030 0.023 0.042
Maas-Rhein-Ijsselschlag 0.030 0.024 0.030 0.034 0.023 0.043
Danish Red 0.036 0.031 0.039 0.041 0.025 0.043
Angeln 0.032 0.029 0.038 0.042 0.033 0.047
Bohemian Red 0.030 0.033 0.033 0.042 0.026 0.046
Polish Red 0.048 0.049 0.049 0.051 0.042 0.059
Sardinian 0.041 0.040 0.043 0.049 0.037 0.052
Scheinfelder 0.051 0.050 0.054 0.064 0.049 0.060
Schoenhengster 0.032 0.034 0.036 0.043 0.031 0.046
Holland Black Pied 0.027 0.024 0.032 0.040 0.020 0.041
Andalusian Black 0.040 0.043 0.043 0.049 0.034 0.056
Scottish Highland 0.039 0.033 0.038 0.047 0.029 0.048
South Devon 0.040 0.035 0.042 0.042 0.028 0.054
Spanish Fighting Cattle 0.048 0.049 0.048 0.055 0.041 0.054
Buchara Grey 0.046 0.045 0.045 0.061 0.034 0.062
Kalmuek Steppe 0.045 0.048 0.045 0.052 0.043 0.061
Hungarian Grey 0.035 0.040 0.039 0.051 0.036 0.063
Sudeten 0.027 0.032 0.028 0.041 0.026 0.050
Sudeten X Tesstal? 0.038 0.034 0.032 0.046 0.035 0.057
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Tarentaise 0.022 0.027 0.029 0.030 0.035 0.044
Telemark 0.035 0.033 0.033 0.036 0.023 0.043
Tesstal 0.025 0.022 0.026 0.040 0.025 0.047
Tudanca 0.047 0.047 0.048 0.057 0.040 0.056
Tuxer 0.067 0.072 0.069 0.076 0.079 0.090
Heck 0.052 0.051 0.052 0.069 0.045 0.060
Niata 0.113 0.110 0.119 0.094 0.124 0.117
Vogtlaender 0.034 0.035 0.038 0.033 0.044 0.053
Walchshofer 0.061 0.058 0.059 0.066 0.052 0.072
Watussi 0.044 0.049 0.043 0.053 0.044 0.059
Zebu 0.039 0.037 0.039 0.046 0.035 0.037
Zebu (India) 0.044 0.042 0.049 0.045 0.041 0.048
Zillertaler 0.040 0.032 0.040 0.042 0.043 0.040
Pasiega Pinzgauer
Pinzgauer:
Pirenaica
Maas-
Danish RedMoelltaler Rhein-
Ijsselschlag
Ayrshire 0.046 0.036 0.032 0.022 0.014 0.029
Blondvieh: Carinthian 0.047 0.032 0.026 0.028 0.022 0.024
Blondvieh: Lavanttaler 0.055 0.037 0.034 0.035 0.035 0.034
Blondvieh: Mariahofer 0.060 0.035 0.029 0.021 0.032 0.036
Blondvieh: Murbodner 0.050 0.031 0.027 0.029 0.022 0.027
Blondvieh: Waldviertler 0.052 0.037 0.034 0.022 0.027 0.031
Bos primigenius (Aurochs) 0.065 0.090 0.079 0.076 0.067 0.063
Montafon 0.056 0.049 0.039 0.027 0.029 0.039
Buša 0.055 0.047 0.040 0.033 0.033 0.034
Devon 0.044 0.026 0.021 0.017 0.015 0.024
Egerlaender 0.055 0.029 0.026 0.022 0.028 0.028
Bern Red Pied 0.048 0.044 0.035 0.045 0.028 0.036
Simmental 0.044 0.031 0.021 0.028 0.019 0.025
South Moravian Red Pied 0.045 0.039 0.031 0.025 0.021 0.030
Rubia Gallega 0.049 0.057 0.045 0.040 0.032 0.040
Krainer Grey 0.046 0.034 0.038 0.037 0.034 0.033
Oberinntaler Grey 0.055 0.045 0.037 0.025 0.030 0.042
Guernsey 0.048 0.038 0.039 0.029 0.035 0.039
Iceland 0.049 0.047 0.040 0.024 0.029 0.034
Jersey 0.064 0.036 0.042 0.028 0.043 0.050
Kampeten: Styrian Bergscheck 0.049 0.031 0.027 0.020 0.021 0.024
Kampeten: Welser Schecken 0.045 0.046 0.039 0.039 0.027 0.026
Kerry 0.046 0.039 0.035 0.024 0.021 0.025
Cretan 0.059 0.070 0.056 0.054 0.044 0.057
Kuhlaender 0.055 0.021 0.018 0.025 0.030 0.036
Limousin 0.050 0.024 0.024 0.025 0.024 0.031
Moravian Landschlag 0.052 0.022 0.028 0.028 0.030 0.039
Normande 0.057 0.042 0.038 0.030 0.034 0.041
North Wales 0.046 0.025 0.030 0.023 0.023 0.025
White Park 0.061 0.053 0.051 0.042 0.043 0.043
Pasiega 0.055 0.049 0.047 0.042 0.042
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Pinzgauer 0.055 0.027 0.030 0.034 0.038
Pinzgauer: Moelltaler 0.049 0.027 0.027 0.027 0.035
Pirenaica 0.047 0.030 0.027 0.024 0.028
Maas-Rhein-Ijsselschlag 0.042 0.034 0.027 0.024 0.025
Danish Red 0.042 0.038 0.035 0.028 0.025
Angeln 0.060 0.036 0.032 0.029 0.032 0.038
Bohemian Red 0.047 0.038 0.032 0.022 0.022 0.021
Polish Red 0.053 0.051 0.046 0.036 0.036 0.036
Sardinian 0.037 0.048 0.036 0.036 0.030 0.028
Scheinfelder 0.045 0.057 0.046 0.051 0.044 0.040
Schoenhengster 0.053 0.030 0.035 0.028 0.031 0.029
Holland Black Pied 0.055 0.027 0.029 0.029 0.027 0.030
Andalusian Black 0.045 0.048 0.037 0.031 0.028 0.029
Scottish Highland 0.034 0.043 0.033 0.033 0.023 0.030
South Devon 0.046 0.043 0.038 0.032 0.020 0.023
Spanish Fighting Cattle 0.049 0.056 0.046 0.040 0.035 0.032
Buchara Grey 0.047 0.046 0.045 0.042 0.035 0.038
Kalmuek Steppe 0.059 0.050 0.045 0.042 0.035 0.049
Hungarian Grey 0.051 0.042 0.032 0.037 0.030 0.040
Sudeten 0.056 0.026 0.035 0.023 0.029 0.033
Sudeten X Tesstal? 0.067 0.035 0.041 0.034 0.042 0.050
Tarentaise 0.058 0.027 0.028 0.028 0.031 0.038
Telemark 0.044 0.037 0.037 0.020 0.020 0.027
Tesstal 0.056 0.022 0.027 0.026 0.027 0.034
Tudanca 0.045 0.051 0.044 0.045 0.033 0.033
Tuxer 0.103 0.058 0.076 0.079 0.085 0.088
Heck 0.049 0.056 0.048 0.055 0.044 0.046
Niata 0.139 0.112 0.113 0.115 0.120 0.130
Vogtlaender 0.068 0.030 0.042 0.038 0.046 0.052
Walchshofer 0.050 0.067 0.054 0.051 0.047 0.051
Watussi 0.049 0.048 0.046 0.046 0.039 0.049
Zebu 0.050 0.045 0.038 0.035 0.028 0.034
Zebu (India) 0.054 0.051 0.040 0.037 0.031 0.036
Zillertaler 0.060 0.036 0.042 0.040 0.046 0.048
Angeln Bohemian Red Polish Red Sardinian Scheinfelder Schoenhengster
Ayrshire 0.036 0.018 0.032 0.034 0.049 0.032
Blondvieh: Carinthian 0.035 0.019 0.036 0.030 0.038 0.027
Blondvieh: Lavanttaler 0.035 0.027 0.045 0.035 0.044 0.038
Blondvieh: Mariahofer 0.032 0.034 0.046 0.045 0.059 0.031
Blondvieh: Murbodner 0.030 0.022 0.034 0.035 0.040 0.032
Blondvieh: Waldviertler 0.031 0.018 0.030 0.043 0.055 0.026
Bos primigenius (Aurochs) 0.079 0.064 0.063 0.057 0.051 0.080
Montafon 0.040 0.025 0.033 0.040 0.052 0.040
Buša 0.037 0.025 0.031 0.038 0.043 0.034
Devon 0.029 0.020 0.036 0.032 0.047 0.028
Egerlaender 0.034 0.021 0.039 0.035 0.048 0.028
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Bern Red Pied 0.043 0.036 0.046 0.037 0.038 0.045
Simmental 0.032 0.022 0.039 0.027 0.034 0.028
South Moravian Red Pied 0.035 0.024 0.028 0.032 0.046 0.035
Rubia Gallega 0.045 0.032 0.035 0.040 0.047 0.051
Krainer Grey 0.042 0.034 0.039 0.044 0.042 0.033
Oberinntaler Grey 0.041 0.030 0.036 0.045 0.059 0.039
Guernsey 0.043 0.037 0.041 0.040 0.052 0.036
Iceland 0.036 0.027 0.035 0.039 0.049 0.040
Jersey 0.041 0.045 0.054 0.057 0.073 0.042
Kampeten: Styrian Bergscheck 0.033 0.015 0.032 0.034 0.048 0.024
Kampeten: Welser Schecken 0.043 0.023 0.039 0.031 0.036 0.040
Kerry 0.034 0.013 0.022 0.034 0.047 0.028
Cretan 0.057 0.046 0.044 0.054 0.056 0.062
Kuhlaender 0.032 0.030 0.048 0.041 0.051 0.032
Limousin 0.029 0.033 0.049 0.040 0.050 0.034
Moravian Landschlag 0.038 0.033 0.049 0.043 0.054 0.036
Normande 0.042 0.042 0.051 0.049 0.064 0.043
North Wales 0.033 0.026 0.042 0.037 0.049 0.031
White Park 0.047 0.046 0.059 0.052 0.060 0.046
Pasiega 0.060 0.047 0.053 0.037 0.045 0.053
Pinzgauer 0.036 0.038 0.051 0.048 0.057 0.030
Pinzgauer: Moelltaler 0.032 0.032 0.046 0.036 0.046 0.035
Pirenaica 0.029 0.022 0.036 0.036 0.051 0.028
Maas-Rhein-Ijsselschlag 0.032 0.022 0.036 0.030 0.044 0.031
Danish Red 0.038 0.021 0.036 0.028 0.040 0.029
Angeln 0.032 0.042 0.050 0.053 0.035
Bohemian Red 0.032 0.027 0.031 0.044 0.027
Polish Red 0.042 0.027 0.044 0.050 0.037
Sardinian 0.050 0.031 0.044 0.035 0.043
Scheinfelder 0.053 0.044 0.050 0.035 0.051
Schoenhengster 0.035 0.027 0.037 0.043 0.051
Holland Black Pied 0.026 0.030 0.046 0.043 0.050 0.028
Andalusian Black 0.040 0.018 0.024 0.030 0.042 0.038
Scottish Highland 0.039 0.030 0.041 0.027 0.034 0.042
South Devon 0.040 0.025 0.035 0.034 0.047 0.039
Spanish Fighting Cattle 0.046 0.030 0.031 0.034 0.037 0.043
Buchara Grey 0.042 0.038 0.042 0.042 0.038 0.044
Kalmuek Steppe 0.041 0.039 0.033 0.052 0.053 0.046
Hungarian Grey 0.034 0.031 0.035 0.044 0.045 0.044
Sudeten 0.035 0.024 0.039 0.044 0.059 0.024
Sudeten X Tesstal? 0.039 0.046 0.060 0.058 0.070 0.047
Tarentaise 0.038 0.034 0.050 0.044 0.058 0.030
Telemark 0.034 0.019 0.027 0.038 0.050 0.029
Tesstal 0.025 0.032 0.043 0.044 0.052 0.031
Tudanca 0.046 0.029 0.036 0.038 0.040 0.041
Tuxer 0.081 0.088 0.099 0.098 0.108 0.073
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Heck 0.049 0.045 0.056 0.044 0.033 0.052
Niata 0.119 0.129 0.135 0.133 0.148 0.122
Vogtlaender 0.048 0.051 0.064 0.060 0.074 0.041
Walchshofer 0.056 0.048 0.049 0.045 0.048 0.064
Watussi 0.057 0.046 0.052 0.049 0.056 0.045
Zebu 0.039 0.029 0.044 0.036 0.044 0.039
Zebu (India) 0.038 0.028 0.033 0.040 0.049 0.042
Zillertaler 0.047 0.049 0.066 0.055 0.065 0.042
Holland Andalusian Scottish
South Devon
Spanish Figh-
ting Buchara Grey
Black Pied Black Highland Cattle
Ayrshire 0.032 0.026 0.029 0.024 0.035 0.039
Blondvieh: Carinthian 0.026 0.026 0.027 0.030 0.034 0.034
Blondvieh: Lavanttaler 0.034 0.035 0.037 0.040 0.045 0.042
Blondvieh: Mariahofer 0.031 0.043 0.044 0.043 0.049 0.055
Blondvieh: Murbodner 0.026 0.027 0.029 0.027 0.034 0.032
Blondvieh: Waldviertler 0.033 0.027 0.038 0.033 0.041 0.048
Bos primigenius (Aurochs) 0.078 0.058 0.058 0.062 0.046 0.057
Montafon 0.043 0.028 0.038 0.036 0.039 0.046
Buša 0.038 0.031 0.039 0.042 0.031 0.045
Devon 0.025 0.028 0.028 0.023 0.039 0.039
Egerlaender 0.030 0.033 0.039 0.036 0.042 0.047
Bern Red Pied 0.035 0.037 0.031 0.030 0.040 0.036
Simmental 0.028 0.030 0.025 0.030 0.035 0.035
South Moravian Red Pied 0.033 0.025 0.029 0.029 0.033 0.041
Rubia Gallega 0.049 0.027 0.033 0.031 0.034 0.036
Krainer Grey 0.038 0.039 0.038 0.037 0.040 0.032
Oberinntaler Grey 0.044 0.033 0.042 0.038 0.045 0.053
Guernsey 0.043 0.042 0.044 0.045 0.043 0.049
Iceland 0.038 0.033 0.032 0.038 0.036 0.043
Jersey 0.045 0.054 0.055 0.054 0.062 0.063
Kampeten: Styrian Bergscheck 0.028 0.026 0.034 0.028 0.036 0.043
Kampeten: Welser Schecken 0.037 0.026 0.026 0.027 0.033 0.035
Kerry 0.034 0.020 0.032 0.024 0.030 0.040
Cretan 0.060 0.042 0.044 0.048 0.041 0.051
Kuhlaender 0.027 0.040 0.039 0.040 0.048 0.046
Limousin 0.024 0.043 0.033 0.035 0.049 0.045
Moravian Landschlag 0.032 0.043 0.038 0.042 0.048 0.045
Normande 0.040 0.049 0.047 0.042 0.055 0.061
North Wales 0.020 0.034 0.029 0.028 0.041 0.034
White Park 0.041 0.056 0.048 0.054 0.054 0.062
Pasiega 0.055 0.045 0.034 0.046 0.049 0.047
Pinzgauer 0.027 0.048 0.043 0.043 0.056 0.046
Pinzgauer: Moelltaler 0.029 0.037 0.033 0.038 0.046 0.045
Pirenaica 0.029 0.031 0.033 0.032 0.040 0.042
Maas-Rhein-Ijsselschlag 0.027 0.028 0.023 0.020 0.035 0.035
Danish Red 0.030 0.029 0.030 0.023 0.032 0.038
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Angeln 0.026 0.040 0.039 0.040 0.046 0.042
Bohemian Red 0.030 0.018 0.030 0.025 0.030 0.038
Polish Red 0.046 0.024 0.041 0.035 0.031 0.042
Sardinian 0.043 0.030 0.027 0.034 0.034 0.042
Scheinfelder 0.050 0.042 0.034 0.047 0.037 0.038
Schoenhengster 0.028 0.038 0.042 0.039 0.043 0.044
Holland Black Pied 0.039 0.034 0.036 0.044 0.040
Andalusian Black 0.039 0.029 0.027 0.026 0.039
Scottish Highland 0.034 0.029 0.030 0.034 0.034
South Devon 0.036 0.027 0.030 0.035 0.035
Spanish Fighting Cattle 0.044 0.026 0.034 0.035 0.039
Buchara Grey 0.040 0.039 0.034 0.035 0.039
Kalmuek Steppe 0.045 0.039 0.044 0.043 0.040 0.039
Hungarian Grey 0.039 0.030 0.033 0.033 0.039 0.035
Sudeten 0.030 0.036 0.043 0.036 0.048 0.046
Sudeten X Tesstal? 0.039 0.054 0.049 0.051 0.062 0.053
Tarentaise 0.031 0.044 0.046 0.044 0.052 0.056
Telemark 0.031 0.027 0.031 0.026 0.034 0.037
Tesstal 0.024 0.041 0.038 0.037 0.047 0.040
Tudanca 0.042 0.030 0.033 0.035 0.036 0.042
Tuxer 0.075 0.099 0.097 0.094 0.105 0.100
Heck 0.045 0.047 0.033 0.051 0.044 0.040
Niata 0.120 0.135 0.132 0.130 0.144 0.144
Vogtlaender 0.042 0.062 0.060 0.056 0.068 0.066
Walchshofer 0.061 0.041 0.037 0.045 0.045 0.043
Watussi 0.047 0.049 0.043 0.050 0.047 0.051
Zebu 0.035 0.036 0.033 0.038 0.040 0.046
Zebu (India) 0.042 0.030 0.037 0.034 0.040 0.048
Zillertaler 0.040 0.061 0.052 0.058 0.068 0.065
Kalmuek Hungarian
Sudeten
Sudeten
Tarentaise Telemark
Steppe Grey X Tesstal?
Ayrshire 0.034 0.031 0.024 0.044 0.031 0.015
Blondvieh: Carinthian 0.042 0.031 0.028 0.044 0.034 0.028
Blondvieh: Lavanttaler 0.053 0.040 0.033 0.049 0.039 0.039
Blondvieh: Mariahofer 0.052 0.048 0.032 0.040 0.023 0.034
Blondvieh: Murbodner 0.035 0.023 0.031 0.046 0.034 0.030
Blondvieh: Waldviertler 0.042 0.036 0.021 0.044 0.031 0.022
Bos primigenius (Aurochs) 0.068 0.067 0.083 0.095 0.090 0.069
Montafon 0.040 0.037 0.034 0.051 0.040 0.027
Buša 0.037 0.040 0.038 0.056 0.039 0.031
Devon 0.040 0.030 0.023 0.038 0.026 0.021
Egerlaender 0.046 0.038 0.022 0.043 0.021 0.030
Bern Red Pied 0.041 0.029 0.046 0.059 0.047 0.041
Simmental 0.040 0.029 0.032 0.047 0.031 0.030
South Moravian Red Pied 0.032 0.030 0.034 0.046 0.034 0.022
Rubia Gallega 0.037 0.030 0.048 0.055 0.057 0.035
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Krainer Grey 0.041 0.034 0.037 0.049 0.046 0.035
Oberinntaler Grey 0.039 0.038 0.033 0.048 0.034 0.025
Guernsey 0.043 0.044 0.036 0.050 0.032 0.033
Iceland 0.040 0.041 0.038 0.045 0.043 0.024
Jersey 0.056 0.055 0.033 0.037 0.031 0.039
Kampeten: Styrian Bergscheck 0.041 0.034 0.020 0.044 0.024 0.022
Kampeten: Welser Schecken 0.046 0.034 0.040 0.056 0.047 0.033
Kerry 0.035 0.031 0.025 0.049 0.035 0.016
Cretan 0.036 0.040 0.061 0.071 0.065 0.045
Kuhlaender 0.045 0.035 0.027 0.038 0.022 0.035
Limousin 0.048 0.040 0.032 0.034 0.027 0.033
Moravian Landschlag 0.045 0.039 0.028 0.032 0.029 0.033
Normande 0.052 0.051 0.041 0.046 0.030 0.036
North Wales 0.043 0.036 0.026 0.035 0.035 0.023
White Park 0.061 0.063 0.050 0.057 0.044 0.043
Pasiega 0.059 0.051 0.056 0.067 0.058 0.044
Pinzgauer 0.050 0.042 0.026 0.035 0.027 0.037
Pinzgauer: Moelltaler 0.045 0.032 0.035 0.041 0.028 0.037
Pirenaica 0.042 0.037 0.023 0.034 0.028 0.020
Maas-Rhein-Ijsselschlag 0.035 0.030 0.029 0.042 0.031 0.020
Danish Red 0.049 0.040 0.033 0.050 0.038 0.027
Angeln 0.041 0.034 0.035 0.039 0.038 0.034
Bohemian Red 0.039 0.031 0.024 0.046 0.034 0.019
Polish Red 0.033 0.035 0.039 0.060 0.050 0.027
Sardinian 0.052 0.044 0.044 0.058 0.044 0.038
Scheinfelder 0.053 0.045 0.059 0.070 0.058 0.050
Schoenhengster 0.046 0.044 0.024 0.047 0.030 0.029
Holland Black Pied 0.045 0.039 0.030 0.039 0.031 0.031
Andalusian Black 0.039 0.030 0.036 0.054 0.044 0.027
Scottish Highland 0.044 0.033 0.043 0.049 0.046 0.031
South Devon 0.043 0.033 0.036 0.051 0.044 0.026
Spanish Fighting Cattle 0.040 0.039 0.048 0.062 0.052 0.034
Buchara Grey 0.039 0.035 0.046 0.053 0.056 0.037
Kalmuek Steppe 0.028 0.046 0.055 0.050 0.035
Hungarian Grey 0.028 0.041 0.051 0.046 0.035
Sudeten 0.046 0.041 0.038 0.027 0.025
Sudeten X Tesstal? 0.055 0.051 0.038 0.043 0.042
Tarentaise 0.050 0.046 0.027 0.043 0.036
Telemark 0.035 0.035 0.025 0.042 0.036
Tesstal 0.042 0.037 0.028 0.035 0.028 0.032
Tudanca 0.041 0.034 0.044 0.064 0.051 0.036
Tuxer 0.094 0.092 0.069 0.076 0.063 0.086
Heck 0.051 0.043 0.058 0.066 0.061 0.051
Niata 0.129 0.130 0.118 0.113 0.102 0.123
Vogtlaender 0.062 0.060 0.037 0.044 0.026 0.047
Walchshofer 0.052 0.045 0.064 0.061 0.071 0.050
199
Chapter IV: Supplementary Information
Watussi 0.043 0.046 0.048 0.060 0.048 0.040
Zebu 0.047 0.043 0.039 0.056 0.037 0.033
Zebu (India) 0.039 0.034 0.042 0.059 0.044 0.033
Zillertaler 0.069 0.062 0.041 0.049 0.034 0.048
Tesstal Tudanca Tuxer Heck Niata Vogtlaender
Ayrshire 0.031 0.034 0.084 0.050 0.121 0.046
Blondvieh: Carinthian 0.030 0.030 0.085 0.039 0.131 0.052
Blondvieh: Lavanttaler 0.031 0.039 0.086 0.043 0.134 0.055
Blondvieh: Mariahofer 0.030 0.054 0.075 0.064 0.103 0.034
Blondvieh: Murbodner 0.025 0.032 0.083 0.042 0.126 0.050
Blondvieh: Waldviertler 0.032 0.037 0.081 0.055 0.119 0.045
Bos primigenius (Aurochs) 0.080 0.056 0.141 0.056 0.179 0.106
Montafon 0.042 0.043 0.096 0.058 0.123 0.056
Buša 0.035 0.034 0.092 0.047 0.130 0.058
Devon 0.024 0.038 0.078 0.049 0.115 0.038
Egerlaender 0.026 0.042 0.074 0.054 0.116 0.039
Bern Red Pied 0.042 0.030 0.093 0.034 0.134 0.062
Simmental 0.028 0.032 0.082 0.037 0.124 0.048
South Moravian Red Pied 0.032 0.036 0.088 0.050 0.118 0.049
Rubia Gallega 0.048 0.038 0.110 0.049 0.140 0.072
Krainer Grey 0.037 0.040 0.083 0.045 0.135 0.055
Oberinntaler Grey 0.041 0.048 0.086 0.064 0.110 0.046
Guernsey 0.035 0.049 0.078 0.059 0.115 0.043
Iceland 0.036 0.041 0.096 0.051 0.126 0.057
Jersey 0.037 0.065 0.065 0.074 0.097 0.028
Kampeten: Styrian Bergscheck 0.026 0.036 0.077 0.052 0.119 0.041
Kampeten: Welser Schecken 0.041 0.022 0.099 0.035 0.142 0.065
Kerry 0.033 0.029 0.086 0.049 0.126 0.050
Cretan 0.061 0.043 0.117 0.054 0.144 0.081
Kuhlaender 0.025 0.047 0.067 0.052 0.113 0.034
Limousin 0.022 0.047 0.072 0.051 0.110 0.035
Moravian Landschlag 0.026 0.048 0.069 0.052 0.119 0.038
Normande 0.040 0.057 0.076 0.069 0.094 0.033
North Wales 0.025 0.040 0.079 0.045 0.124 0.044
White Park 0.047 0.056 0.090 0.060 0.117 0.053
Pasiega 0.056 0.045 0.103 0.049 0.139 0.068
Pinzgauer 0.022 0.051 0.058 0.056 0.112 0.030
Pinzgauer: Moelltaler 0.027 0.044 0.076 0.048 0.113 0.042
Pirenaica 0.026 0.045 0.079 0.055 0.115 0.038
Maas-Rhein-Ijsselschlag 0.027 0.033 0.085 0.044 0.120 0.046
Danish Red 0.034 0.033 0.088 0.046 0.130 0.052
Angeln 0.025 0.046 0.081 0.049 0.119 0.048
Bohemian Red 0.032 0.029 0.088 0.045 0.129 0.051
Polish Red 0.043 0.036 0.099 0.056 0.135 0.064
Sardinian 0.044 0.038 0.098 0.044 0.133 0.060
Scheinfelder 0.052 0.040 0.108 0.033 0.148 0.074
Schoenhengster 0.031 0.041 0.073 0.052 0.122 0.041
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Holland Black Pied 0.024 0.042 0.075 0.045 0.120 0.042
Andalusian Black 0.041 0.030 0.099 0.047 0.135 0.062
Scottish Highland 0.038 0.033 0.097 0.033 0.132 0.060
South Devon 0.037 0.035 0.094 0.051 0.130 0.056
Spanish Fighting Cattle 0.047 0.036 0.105 0.044 0.144 0.068
Buchara Grey 0.040 0.042 0.100 0.040 0.144 0.066
Kalmuek Steppe 0.042 0.041 0.094 0.051 0.129 0.062
Hungarian Grey 0.037 0.034 0.092 0.043 0.130 0.060
Sudeten 0.028 0.044 0.069 0.058 0.118 0.037
Sudeten X Tesstal? 0.035 0.064 0.076 0.066 0.113 0.044
Tarentaise 0.028 0.051 0.063 0.061 0.102 0.026
Telemark 0.032 0.036 0.086 0.051 0.123 0.047
Tesstal 0.047 0.071 0.052 0.116 0.038
Tudanca 0.047 0.099 0.033 0.142 0.069
Tuxer 0.071 0.099 0.104 0.096 0.049
Heck 0.052 0.033 0.104 0.151 0.076
Niata 0.116 0.142 0.096 0.151 0.090
Vogtlaender 0.038 0.069 0.049 0.076 0.090
Walchshofer 0.060 0.052 0.122 0.053 0.149 0.083
Watussi 0.053 0.048 0.085 0.052 0.125 0.056
Zebu 0.037 0.035 0.092 0.045 0.128 0.055
Zebu (India) 0.042 0.031 0.098 0.049 0.126 0.061
Zillertaler 0.043 0.062 0.063 0.063 0.106 0.036
Walchshofer Watussi Zebu Zebu (India) Zillertaler
Ayrshire 0.050 0.038 0.028 0.031 0.048
Blondvieh: Carinthian 0.049 0.042 0.031 0.037 0.048
Blondvieh: Lavanttaler 0.057 0.061 0.032 0.038 0.048
Blondvieh: Mariahofer 0.064 0.054 0.039 0.042 0.039
Blondvieh: Murbodner 0.051 0.044 0.034 0.034 0.052
Blondvieh: Waldviertler 0.057 0.050 0.034 0.033 0.045
Bos primigenius (Aurochs) 0.056 0.077 0.066 0.065 0.100
Montafon 0.049 0.049 0.033 0.032 0.057
Buša 0.057 0.051 0.028 0.030 0.055
Devon 0.050 0.043 0.032 0.032 0.041
Egerlaender 0.061 0.050 0.035 0.037 0.041
Bern Red Pied 0.052 0.044 0.041 0.041 0.061
Simmental 0.049 0.040 0.029 0.033 0.045
South Moravian Red Pied 0.047 0.042 0.036 0.028 0.052
Rubia Gallega 0.029 0.052 0.045 0.038 0.073
Krainer Grey 0.053 0.042 0.049 0.050 0.054
Oberinntaler Grey 0.056 0.047 0.039 0.035 0.052
Guernsey 0.062 0.045 0.044 0.045 0.047
Iceland 0.046 0.051 0.031 0.034 0.052
Jersey 0.072 0.058 0.051 0.054 0.038
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Kampeten: Styrian Bergscheck 0.057 0.044 0.030 0.034 0.044
Kampeten: Welser Schecken 0.046 0.051 0.031 0.033 0.059
Kerry 0.049 0.043 0.031 0.027 0.051
Cretan 0.047 0.050 0.048 0.044 0.081
Kuhlaender 0.061 0.044 0.039 0.044 0.040
Limousin 0.058 0.049 0.037 0.042 0.032
Moravian Landschlag 0.059 0.043 0.039 0.049 0.040
Normande 0.066 0.053 0.046 0.045 0.042
North Wales 0.052 0.044 0.035 0.041 0.043
White Park 0.072 0.059 0.037 0.048 0.040
Pasiega 0.050 0.049 0.050 0.054 0.060
Pinzgauer 0.067 0.048 0.045 0.051 0.036
Pinzgauer: Moelltaler 0.054 0.046 0.038 0.040 0.042
Pirenaica 0.051 0.046 0.035 0.037 0.040
Maas-Rhein-Ijsselschlag 0.047 0.039 0.028 0.031 0.046
Danish Red 0.051 0.049 0.034 0.036 0.048
Angeln 0.056 0.057 0.039 0.038 0.047
Bohemian Red 0.048 0.046 0.029 0.028 0.049
Polish Red 0.049 0.052 0.044 0.033 0.066
Sardinian 0.045 0.049 0.036 0.040 0.055
Scheinfelder 0.048 0.056 0.044 0.049 0.065
Schoenhengster 0.064 0.045 0.039 0.042 0.042
Holland Black Pied 0.061 0.047 0.035 0.042 0.040
Andalusian Black 0.041 0.049 0.036 0.030 0.061
Scottish Highland 0.037 0.043 0.033 0.037 0.052
South Devon 0.045 0.050 0.038 0.034 0.058
Spanish Fighting Cattle 0.045 0.047 0.040 0.040 0.068
Buchara Grey 0.043 0.051 0.046 0.048 0.065
Kalmuek Steppe 0.052 0.043 0.047 0.039 0.069
Hungarian Grey 0.045 0.046 0.043 0.034 0.062
Sudeten 0.064 0.048 0.039 0.042 0.041
Sudeten X Tesstal? 0.061 0.060 0.056 0.059 0.049
Tarentaise 0.071 0.048 0.037 0.044 0.034
Telemark 0.050 0.040 0.033 0.033 0.048
Tesstal 0.060 0.053 0.037 0.042 0.043
Tudanca 0.052 0.048 0.035 0.031 0.062
Tuxer 0.122 0.085 0.092 0.098 0.063
Heck 0.053 0.052 0.045 0.049 0.063
Niata 0.149 0.125 0.128 0.126 0.106
Vogtlaender 0.083 0.056 0.055 0.061 0.036
Walchshofer 0.065 0.057 0.050 0.080
Watussi 0.065 0.051 0.056 0.059
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Zebu 0.057 0.051 0.031 0.047
Zebu (India) 0.050 0.056 0.031 0.059
Zillertaler 0.080 0.059 0.047 0.059
203
Chapter IV: Supplementary Information
Supplementary Figure 11: Creating virtual models for Finite Element Analysis (FEA): (A) thresholding of 
computed tomography (CT) image slices, seen in axial view; (B) generation of a volume mesh following 
remeshing of surface mesh using controlled geometric error and triangle edge length values; (C) assembly 
of a Finite Element Model (FEM) in Strand 7. Model shown is for the Niata breed, specimen MLP 1126.
Finite Element Analysis
Further comparison on the FEA analysis
The contour maps of VM stress in dorsal view indicated that, for both loading case 
simulations (unilateral molar bite at M2, anterior bilateral bite at M1), the Zebu crani-um 
displayed high stress levels when compared to the Niata and Simmentaler. The frontal 
and nasal bones experienced comparatively more stress in the Zebu, espe-cially along 
the midline compared to the other breeds (Figure 5, dorsal models G,I,K). For all loading 
cases in lateral view, the Zebu showed greater VM stress extending across the frontal and 
maxilla than did the Simmentaler and Niata, and especially towards the suture between 
the maxilla and zygomatic in both loading cases (Figure 5, A-F).
The Zebu showed markedly higher VM stress (average = 0.59 MPa) at the most an-
terior point of the nasal and at the most posterior point sampled (average = 0.55 MPa), 
compared to the values for the Simmentaler (point 1, average = 0.04 MPa; point 10, 
average = 0.12 MPa) and Niata (point 1, average = 0.24 MPa; point 10, av-erage = 0.11 
MPa).
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Supplementary Figure 12: Von Mises stress plots: VM stress values were extracted at 10 equidistant 
points from anterior to posterior along the mid-saggital plane (A) and margin of the tooth row (B) for each 
model under loading conditions simulating an anterior bilateral bite (solid line) and an anterior unilateral 
bite (dashed line).
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Jaw muscle group Muscle force (Newtons) per jaw muscle group (one side)
Niata (MLP 1126) Simmentaler (17765) Zebu (17767)
m. masseter 1434.59 2304.43 2178.16
m. temporalis 957.98 1538.82 1454.51
m. pterygoideus lateralis 309.32 496.87 469.64
m. pterygoideus medialis 889.87 1429.42 1351.11
TOTAL 3951.75 5769.54 5453.42
Scaled muscle force 1 1.46 1.38
Supplementary Table 11: Muscle forces used for each jaw muscle  group in un-scaled intrinsic models. 
Muscle forces were calculated using muscle mass propor-tions following the ‘dry skull’ method, where 
maximum cross-sectional area (CSA) was calculated for each muscle group [1]. Muscle forces were 
scaled relative to body mass for each specimen following a 2/3 power relationship, whereby muscle force 
is proportional to cross-sectional area whereas body mass is proportional to volume [2]. MLP 1126 was 
used as the target (=reference) specimen for scaling.
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Supplementary Table 12: Strain results for simulated anterior unilateral bite cases. Values for Maximum 
Principal (=Max Prin) strain, Minimum Principal (=Min Prin) strain, absolute value of Max Prin/Min Prin 
(=Mode), and Von Mises strain recorded at the temporomandibular joint (TMJ).
Location Specimen Max Prin (me) Min Prin (me) Mode Von Mises (me)
Working-side TMJ Niata (MLP 1126) 112.79 -139.52 0.81 218.76
Simmentaler (17765) 239.44 -95.88 2.5 318.61
Zebu (17767) 250.88 -162.25 1.55 383.86
Balancing-side
Niata (MLP 1126) 62.65 -181.99 0.34 218.05
TMJ
Simmentaler (17765) 176.27 -206.27 0.85 338.81
Zebu (17767) 139.6 -341.01 0.41 424.2
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Genetic Analysis
Supplementary Figure 13: a) Phylogenetic tree with 134 breeds and 5 Niata samples of GC ≥ 0,5. b) 
Residuals.
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Supplementary Figure 14: a) Phylogenetic tree with 88 breeds and 5 Niata samples of GC ≥ 0,5. b) 
Residuals.
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Body size data
Supplementary Table 13: Body sizes of taurine cattle breeds as published by Felius [1] and Niata.
Breed Medium Steer weight (kg)
Medium Steer height 
(cm)
Medium Cow weight 
(kg)
Medium Cow height 
(cm)
Aberdeen-Angus 1000 135 650 125
Abondance 1000 147 600 133
Agerolese 650 135 450 125
Akshi - 135 200 105
Ala Tau 900 - 485 130
Alberes 362.5 - 285 125
Algerian Guelma 400 125 250 115
Alistana-Sanabresa 800 150.5 575 142
Anatolian Black - - 225 107.5
Andalusian Black 812.5 140 550 135
Angeln 975 145.5 560 131
Aosta Black Pied 600 130 500 125
Aosta Red Pied 650 132.5 500 130
Apulian Podolian 700 152.5 405 127.5
Argentine Criollo 700 160 450 135
Argentine Criollo (Fronterizo) - - 325 135
Arouquesa 660 134 405 123
Asturian Mountain 675 132.5 450 122.5
Asturian Valley 1000 147.5 700 135
Aubrac 825 140 580 130
Aulie Ata 885 140 495 130
Aure et St Girons - - 600 135
Aurochs (Bos primigenius) 800 180 600 160
Austrian Pinzgauer 1000 143.5 650 134
Avilena-Black Iberian 825 145 550 138
Ayrshire 700 140 550 131
Baoule 265 105 175 95
Barrosa 625 127.5 367.5 118.5
Barroso 812.5 150 450 135
Bazadais 1050 145 700 135
Beef Shorthorn 1025 145 650 135
Belgian Red 1200 153 687.5 138
Belgian White and Red 1350 155 750 138
Belgian White Blue 1275 151.5 750 132.5
Bérnais - 130 550 125
Berrenda Black Pied 900 143 575 138
Berrenda Red Pied 900 143 575 138
Bestuzhev 870 140 520 130
Black Pied Dairy Cattle - - 600 135
Blacksided Trondheim and 
Nordland 850 - 445 117
Blonde d‘Aquitaine 1400 160 950 150
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Bohemian Red - - 500 125
Brazilian Polled 750 132 420 130
Breton Black Pied 650 123 450 117
British White 850 120 575 110
Burlina 625 130 525 120
Byelorus Red 750 135 460 130
Cabannina 550 125 375 120
Cachena 412.5 122 265 100
Caldelana 675 132 450 128
Calvana 1025 157.5 700 147.5
Camargue 437.5 130 304.5 120
Canary Island 900 152 575 148
Carinthian Blond 825 140 550 132.5
Caucasian Brown 780 - 485 126.5
Cauyen Red 855 138 450 125
Chaco Criollo - - 500 155
Charolais 1425 145 975 135
Chianina 1215 167.5 900 155
Chillingham 300 - 280 110
Chinese Black and White 1020 150 562.5 135
Cinesara 650 145 475 135
Corsican 450 130 340 115
Croatian Busa - - 215 111
Czech Pied 1300 150 700 140
Dairy Shorthorn 1200 150 675 140
Dalmatian Grey - - 275 122
Danish Jersey - - 450 120
Danish Red 925 154 637.5 137
Devon 1000 - 500 130
Dexter 450 95 300 95
Donnersberg Red 1106 150 625 138
Doran 500 - 350 120
Dutch Black Pied (Holstein-
Friesian) 1100 165 750 150
East Finncattle 600 135 440 118
East German Black Pied Cattle 1000 140 650 130
Estonian Black Pied 900 138 500 128
Estonian Native 800 134 520 125
Estonian Red 850 135 500 128
Ferrandais - - 650 138
Fighting Cattle 650 127.5 350 115
Forest Muturu - - 200 89
Froment du Léon - - 550 135
Fuzhou 765 138 415 130
Gacko - - 300 117
Galician Blond 1000 145 650 135
Galloway 750 135 520 120
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Garfagnina 600 140 425 125
Gascon 850 145 550 135
Gelbvieh 1200 152 750 140
German Original Black Pied 900 155 600 136
German Pinzgauer 900 137 700 135
German Red Pied 1300 150 700 137
German-Angus 1100 142.5 625 132.5
Ghana Shorthorn - - 185 88
Glan cattle 1000 148 650 140
Gloucester 750 130 562.5 125
Golpayegani - - 230 110
Gorbatov Red 830 133 480 122
Greater Caucasus - - 250 104
Greek Shorthorn - - 275 107
Greek Steppe 400 123 265 112.5
Grey Alpine 950 133 575 126
Groningen Whiteheaded - - 600 137.5
Guernsey 800 152 500 137
Guinean N‘Dama 305 118 255 112
Harz Red 1100 150 600 135
Hazake 435 120 300 110
Heckrind 600 135 - 125
Hereford 1100 152 700 140
Hérens 775 128 610 123
Highland 700 128 470 115
Hinterwald 775 132.5 415 119
Holstein 1125 175 850 155
Hungarian Grey Steppe 750 150 535 138
Icelandic Dairy Cattle - - 425 130
Iskar 750 140 400 118
Istoben 755 - 440 127.5
Istrian 825 148 585 137.5
Japanese Black 825 135 517.5 125
Japanese Brown 950 143 600 130
Japanese Shorthorn 950 142 660 128
Jaulan - - 350 114
Jersey 550 127 387.5 117.5
Kalmyk 750 137 537.5 127.5
Kapsiki 380 115 230 110
Kazakh 500 130 272.5 115
Kazakh Whiteheaded 825 - 530 134
Kerry 590 140 375 122
Kholmogory 885 145 580 132.5
Kolubara 550 - 380 124
Korean Native 460 135 370 125
Kostroma 850 140 520 132
Kurgan 850 140 535 130
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Lages Criollo - 140 475 127
Lagune - 95 155 85
Lakenvelder 700 137 550 132
Latvian Brown 800 140 455 130
Lebedin 900 142 575 133
Leonese 650 136 500 130
Liberian Dwarf - - 120 90
Libyan Shorthorn 380 120 290 110
Limousin 1200 145 700 137
Limpurger 1000 145 625 135
Lithuanian Black Pied 950 140 550 129
Lithuanian Red 750 135 490 126
Longhorn 1000 150 850 135
Lourdais - - 525 135
Luing 900 138.5 - -
Maine-Anjou 1259 152 850 142
Marchigiana 1300 157.5 800 145
Maremmana 900 155 600 145
Marinhoa 875 150 585 140
Maronesa 600 140 375 130
Menorcan 850 144 612.5 138
Meuse-Rhine-Yssel 1100 150 600 135
Middle German Red - - 625 130
Mingrelian Red 465 - 300 112.5
Mirandais 750 130 450 120
Mirandesa Beiroa 950 147.5 575 137.5
Mishima 450 123 280 112.5
Modenese 1050 155 650 145
Modicana 925 152.5 505 137.5
Mongolian Gobi - - 270 107
Mongolian Halhin Gol 117.5 377.5 360 115
Mongolian Intermediate - - 350 110
Montana 700 140 500 130
Montbéliard 1150 148 685 137.5
Moroccon Brown Atlas 375 135 300 115
Morucha 750 145 475 140
Mostrenca 900 145 550 135
Murboden 900 145 600 135
Murcian 850 140 575 132.5
Murnau-Werdenfels 925 138 550 128
Namchi 200 103 186 99
Niata 430 130 - -
Normande 1100 152 750 140
North Finncattle 550 128 350 112.5
Northern Blue 1050 148 725 135
Norwegian Red 1000 142 575 130
Original Allgäu 900 145 550 135
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Oropa 850 135 625 125
Oulmes-zaer 450 135 325 120
Palmera 850 138 487.5 133
Parthenais 1075 142.5 725 135
Piedmont 900 150 600 145
Pirenaica 950 140 575 132.5
Pisana 815 160 525 147.5
Polish Black-and-White Low-
land 650 132 550 128
Polish Red Highland 775 135 465 122.5
Pontremolese 750 145 475 128
Posavina 600 - 300 120
Pustertal 800 138.5 500 129
Red Flemish 1100 148 675 140
Red Poll 750 145 525 129.5
Red Polled Eastland 775 140 475 123
Red Steppe 900 139 500 128.5
Reggiana 650 150 450 140
Rendena 600 130 475 125
Retinta 825 146 540 137.5
Rhaetian Grey Cattle 750 130 450 117.5
Rodopi 350 115 240 95
Romagnola 1150 145 800 135
Romanian Brown 1050 142 550 128
Romanian Mountain - - 215 104
Romanian Simmental 1040 148 600 135
Romanian Steppe 600 130 300 118
Romosinuano 650 135 550 130
Russian Swiss 850 139 500 131
Salers 975 150 700 140
San Martinero 800 135 475 130
Sanhe 1050 157.5 697.5 132.5
Sardinian 290 105 250 102.5
Sardo-Modicana 600 145 525 135
Sayaguesa 1050 160 650 145
Serrano - - 500 140
Shetland - - 290 105
Slovakian Pied 1050 145 650 135
Slovakian-Carpathian Brown 800 - 450 125
Slovanian Steppe - - 465 127
Slovenian and Croatian Simm-
ental 1150 152 575 137
Slowakian Pinzgauer 850 136 550 128
Slowenian/Yugoslavian Brown 1100 152 600 134
Somba 205 - 160 94.5
South and West Norwegian 812.5 136 475 117
South Devon 1250 155 675 138
Suksun 920 - 390 130
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Sussex 950 150 600 140
Swedish Mountain 590 130 395 120
Swedish Red -and-White 975 135 600 130
Swedish Red Polled 650 130 400 120
Swiss Brown 1087.5 150 675 137.5
Swiss Simmental 1300 154 800 141
Sychevka 1050 146 630 133
Tagil 887.5 - 480 130
Tambov Red 700 136 460 127
Tarentaise 800 140 575 127
Telemark 825 - 400 120
Texas Longhorn 670 130 400 120
Tibetan 215 105 200 100
Transylvanian Pinzgauer 900 134 450 127
Tudanca 540 135 370 130
Turkish Brown - - 600 140
Turkish Grey Steppe 400 - 340 120
Tux-Zillertal - - 550 125
Tyrol Grey 950 137.5 570 127.5
Ukrainian Polish Red 750 135 465 125
Ukrainian Steppe 800 137 525 129
Ukrainian Whiteheaded 750 136 425 128
Urkainian-Carpathian Brown 910 137 490 128
Vianesa 850 138.5 525 135
Villard-de-Lans - - 600 140
Vogelsberg Cattle 600 138 500 128
Vorderwald 975 148 625 132.5
Vosges 700 142.5 500 130
Waldviertler Blond 900 140 575 132
Welsh Black 1000 145 675 130
West Finncattle 737.5 140 470 123
Westphalian Red 1100 150 650 135
White park 955 - 542.5 130
Xinjiang Brown 760 137 432.5 121.5
Yakut 525 122 375 111
Yanbien 467.5 130 365 120
Yaroslavl 822 - 480 128
Yugoslavian Busa 405 117.5 200 105
Yurino 775 132 490 122.5
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The presented thesis compiles several 
case studies with the aim to investigate 
life history evolution and disparity within 
Laurasiatheria. The selection of the par-
ticular group of interest followed the prin-
ciple of suitability for a particular question 
at hand. In summary, this thesis used 
skulls, lower jaws, and femora to inves-
tigate life history variables in extant and 
extinct Cervidae and Ursidae. Addition-
ally, the effect of artificial selection on 
cattle was examined based on the case 
of the Niata cattle from South America. 
The results show that the broad life his-
tory implications of the Schultz rule [1] are 
not met within Cervidae and that the ob-
served variation in tooth replacement and 
eruption sequences result from several 
heterochronic shifts within the phyloge-
netic history of Cervidae. A resulting an-
cestral stage was supported by evidence 
from the fossil record. By investigating 
brain size, it became evident that cave 
bears had a small brain for their body 
size. This was potentially caused by shifts 
in its ecology compared to other extant 
bear species. Brain size in carnivorans is 
associated with several life history vari-
ables [2]. Thus, it can be hypothesized 
that cave bears gave birth to many, small 
cubs after long gestation. Additionally, 
weaning mass was small. Some of these 
implications are supported by observa-
tions based on bone histology. Cave 
bears were fast growing, comparable to 
polar bears, but reached skeletal maturity 
late in life. Still, fast growth indicates early 
maturity [3] and might, in this case, indi-
cate sexual maturity rather than skeletal 
one. The example of the cave bears illus-
trates that bones can be used to recon-
struct the complex nature of life history of 
extinct animals. By investigating the pro-
cess of domestication in the case of the 
Niata cattle, the extent of morphological 
variation within cattle was quantified and 
statements made by Darwin [4] were in-
vestigated for the first time.
To conclude, this thesis presents evi-
dence about the potential and limitations 
in reconstructing crucial events in the life 
of an animal based on skeletal remains. 
Some events are conserved in phylog-
eny and thus are not suitable to infer life 
history implications, whereas others are 
powerful tools able to directly or indirectly 
shed light on growth and maturity in Laur-
asiatheria. Additionally, the study of do-
mesticated animals gives crucial insights 
into limitations of intraspecific variability.
There are many directions for future appli-
cations of the presented work. For exam-
ple, in Carnivora tooth eruption patterns 
are not well understood and the reduc-
tion of teeth in the evolution of several 
lineages complicates standardization. 
Nonetheless, finding new approaches to 
investigate tooth eruption in these ani-
mals will provide further crucial evidence 
on the extent of life history implications of 
relative eruption sequences. Additionally, 
standardized comparative studies on the 
growth of mammals based on bone his-
tology are still in their infancy and many 
species still need to be examined [5]. 
These are just two examples, however, 
the overall study of variability, disparity, 
and life history evolution in mammals is 
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a wide field with many unanswered ques-
tions for future scientific endeavours.
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Hypsodonty in Mammals—Evolution, Geomorphology, and the
Role of Earth Surface Processes, Richard H. Madden, Cambridge
University Press, (2015). $130.00, 423pp. ISBN978-1-107-01293-
6
Hypsodonty in Mammals is Richard H. Madden’s successful
attempt to explore the consequences of the ingestion of soil min-
erals and the effect of earth surface processes, such as erosion, in
the evolution of hypsodonty, a morphological condition that refers
to teeth with high crowns providing more material to wear down
in a high abrasive diet and environment. Some mammal lineages
developed ever-growing teeth (elodonty), which means that the
roots never close enabling the teeth to grow constantly during
their life span. The appearance of such features in e.g. ungulates
has been traditionally linked with the expansion of grasslands and
environmental changesduring theMiocene (e.g., Damuth and Janis,
2011;Mihlbachler et al., 2011). The fossil record of South American
mammals shows a particular case of “precocious hypsodonty”. On
this continent, a large number of mammal species developed high-
crowned teeth already during the Eocene, before grasses became
a dominant ﬂoral element. With this book Madden proposes soil
ingestion as a major factor in the development of hypsodonty. The
author uses data from different disciplines such as sedimentology,
island biogeography, and paleontology to achieve an integrative
view on this topic. He compiled a well-rounded synthesis and
presents an interdisciplinary book that brings together different
data intoa coherent argument.As theauthorpointsout, “the central
idea of this book is stronger than the sum of its individual parts.”
The book is divided into 10 chapters. In the ﬁrst three chap-
ters the reader is introduced to the fossil record, geological history,
and extant fauna of the South American continent. Madden dis-
cusses the origins of the hypothesis that soil ingestion might
drive the evolution of hypsodonty and gives its historical back-
ground. The ﬁrst chapter gives the general context and sets up
the questions addressed in the book. It provides an introduction
to phytoliths (hard silica particles in some plant tissues) and how
abrasive soil can be ingestedwith the diet of an animal. The second
chapter develops the particular case of precocious hypsodonty in
South American mammals. In chapter three, Madden presents an
overview of the prevalence of hypsodonty in extant South Ameri-
can mammals at a continental scale, and gives a global view of the
evolution of high-crowned teeth.
In the fourth chapter the reader now leaves the South American
continent and explores evidence for the inﬂuence of earth surface
processes on tooth wear in a detailed case study of sheep in New
Zealand.Here, Europeansettlers observed that their sheephad tobe
culled prematurely due to excessive tooth wear. Madden reviews
the literature on this phenomenon and compares areas with differ-
ent soil properties to present a case of excessive tooth wear due to
soil ingestion. Traveling north from New Zealand, the ﬁfth chapter
explores data from Australia. Kangaroos are among the dominant
herbivores of this landmass but have not developed hypsodonty,
seemingly due to constraints (Janis, 1989). Madden collected data
on tooth wear in sheep, dust storms as well as the crown height of
aboriginal people and incorporates these well into his synthesis.
The sixth chapter explores past and present cases of hypsodonty
and extensive tooth wear on islands, which are classic models
to study morphological changes because of the high evolutionary
rates recorded there. The reader is introduced to the fossil record
of differentMediterranean islands and the evolution of hypsodonty
and elodonty in some former inhabitants such as the extinct goat
Myotragus. In historical times, the settlers introduced domesti-
cated animals to different regions which provides a rich subject of
study. Goats and sheep were introduced to islands with different
soil structure all over the world. Some of these islands, however,
have similar climate and vegetation and therefore represent a good
source of data to compare tooth wear patterns. Madden studies
differences in tooth wear between caprine species from volcanic
islands and islands with less abrasive soils. The next two chapters
aim to test the hypothesis in geologic time using the fossil record.
Chapter seven explores hypsodonty in the East African rift valley,
looking at early hominids and suids. Here, Madden presents the
way these two phylogenetically distant bunodont mammal groups
responded to environmental change. The eighth chapter brings the
reader back to Patagonia in South America. The fossil record is
explored in the light of the newevidence and arguments developed
through the book. The changes in the fossil record are compared
with data on paleoclimate, soil structure changes, and vegetation.
Chapter nine elaborates on the anatomy and evolution of elodonty.
It explores its origin, its advantages, and its capacity to modify the
landscape. Madden uses, among others, the vicugna and rabbits as
model examples. The last chapter is a useful summary of the book.
This book presents the result of a lifelong commitment to the
study of hypsodonty in mammals and is an excellent example for
illustrating the complexity of evolutionary changes and processes
and howorganisms interactwith the environment.Madden’swork
highlights the importance to go outdoors and experience nature
by ourselves in order to understand these complex evolutionary
processes. With this book, Madden summarizes and develops a
hypothesis for dental evolution, which can now be tested by more
empirical data from a variety of disciplines, providing an excit-
ing avenue of research for many young scientists. In summary,
Hypsodonty in Mammals not only offers the reader an extensive
amount of data but also a source of inspiration for future scientiﬁc
endeavours.
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ABSTRACT
The interest in mammalian palaeohistology has increased dramatically in the last
two decades. Starting in 1849 via descriptive approaches, it has been demonstrated
that bone tissue and vascularisation types correlate with several biological variables
such as ontogenetic stage, growth rate, and ecology. Mammalian bone displays a
large variety of bone tissues and vascularisation patterns reaching from lamellar
or parallel-fibred to fibrolamellar or woven-fibred bone, depending on taxon and
individual age. Here we systematically review the knowledge and methods on cyn-
odont and mammalian bone microstructure as well as palaeohistology and discuss
potential future research fields and techniques. We present new data on the bone
microstructure of two extant marsupial species and of several extinct continental and
island placental mammals. Extant marsupials display mainly parallel-fibred primary
bone with radial and oblique but mainly longitudinal vascular canals. Three juvenile
specimens of the dwarf island hippopotamid Hippopotamus minor from the Late
Pleistocene of Cyprus show reticular to plexiform fibrolamellar bone. The island
muridMikrotia magna from the Late Miocene of Gargano, Italy displays parallel-
fibred primary bone with reticular vascularisation and strong remodelling in the
middle part of the cortex. Leithia sp., the dormouse from the Pleistocene of Sicily,
is characterised by a primary bone cortex consisting of lamellar bone and a high
amount of compact coarse cancellous bone. The bone cortex of the fossil continental
lagomorph Prolagus oeningensis and three fossil species of insular Prolagus displays
mainly parallel-fibred primary bone and reticular, radial as well as longitudinal vas-
cularisation. Typical for large mammals, secondary bone in the giant rhinocerotoid
Paraceratherium sp. from the Late Oligocene of Turkey is represented by dense Haver-
sian bone. The skeletochronological features of Sinomegaceros yabei, a large-sized
deer from the Pleistocene of Japan closely related to Megaloceros, indicate a high
growth rate. These examples and the synthesis of existing data show the potential of
bone microstructure to reveal essential information on life history evolution. The
bone tissue and the skeletochronological data of the sampled island species suggest
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The role of phylogeny in morphological and developmental studies of animal 
domestication 
(manuscript in preparation)
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Abstract (submitted to BioSyst 2017, Gothenburg)
Current studies of domestication concentrate on genomics and zooarcheological 
approaches. Investigation of phylogenetically-informed developmental morphology can 
also provide major insights into evolution, as informed by studies of breeds of domesticated 
forms and comparisons with wild counterparts. Features of the ‘domestication syndrome’, 
a hypothetical set to appear in domesticated forms, do not appear universally across 
mammalian species, only pigmentation and rostral shortening do. Likewise, ontogenetic 
trajectories are not equally modified in domesticated forms of all species. The examination 
of more than 400 skulls across 13 domesticated forms and their wild counterparts serve 
to quantify and analyse the changes with multivariate statistics in 14 skull and mandibular 
variables. There are significant differences in growth allometry across the 13 species - 
affecting their evolvability - the amount of morphological diversity or disparity that can be 
attained through selective breeding, which we quantifiy for some of the species investigate 
(dogs, cattle, and horses). Wolves-dogs and llamas-guanacos are the pairs that exhibit 
the greatest amount of change between the wild and the domestic form, domestic-wild 
pigs exhibit the least amount of differences. In spite of the statistical differences in the 
growth trajectory, there is little in the amount of change in Equus, Ovis, Camelus and 
Sus. The wild rabbit is characterised by a high proportion of allometric growth, making 
it a species with high potential for disparity. Skull variables showing the least amount 
of change are in the neurocranium (e.g., breadth of the braincase). The length of the 
nasals (LN) is the variable showing the greatest amount of change when all species are 
considered in the comparison between the wild and the domestic forms. Ongoing work 
on rates of evolution shows that these rates are lower in the process of domestication 
when compared to strong selection for particular breed traits. The differential patterns 
of change across species during domestication, also shown in life history traits (e.g., 
degree of variation in gestation length) show that using the silver fox experiment or the 
dog as models of domestication is of limited value, as canids exhibit within carnivorans 
and across mammals in general, a rather singular pattern in the changes associated with 
domestication.  
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